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ABSTRACT 

Early Cretaceous dike swarms are widely developed in the Jiaodong Peninsula, NE 

China. In this study, we newly investigated the spatial-temporal distribution, petrography, 

geochronology and whole-rock geochemistry of the intermediate-felsic dikes from the Jiaobei 

terrain and the Sulu orogenic belt in the Jiadong Peninsula. The zircon U-Pb dating has 

constrained the timing of the emplacement of intermediate-felsic dikes to 128–108 Ma. The 

quartz diorite dikes in Jiaobei show adakitic geochemical features, including high SiO2 

(66.3–67.5 wt.%) contents and high Sr/Y (76–149) and La/Yb (41–91) ratios. The 

combination of a series of isotopic data, including initial 
87

Sr/
86

Sr ratios (0.7098–0.7104) and

negative εNd(t) (-20.1 to -14.7) and zircon εHf(t) values (-19.9 to -9.5), indicates that these 

quartz diorite dikes were likely derived from partial melting of thickened ancient lower crust 

with involvement of underplated mafic magmas. Additionally, the diorite dikes in Jiaobei and 

those in Sulu show similar chemical compositions, as both yield the high-Mg andesite (or 

andesitic rocks) (HMAs) characteristics with a high Mg
#
 value (60-72), high MgO, Cr, and Ni

contents, and low Na2O (average = 3.25 wt.%) contents. They also exhibit crustal 

geochemical signatures, such as depletion in Nb, Ta, and Ti, but enrichment in Th and U; high 

initial 
87

Sr/
86

Sr ratios (0.7063–0.7094), and low εNd(t) (-16.7 to -9.6) and εHf(t) values (-29.4

to -9.8). The entire geochemical evidences imply that they derived from the partial melting of 

mantle wedge peridotite metasomatized by hydrous fluids from the subduction of the oceanic 

slab with marine sediments. In combination with the Early Cretaceous intrusions and mafic 

dikes at Jiaodong, the intermediate-felsic dikes represent a magmatic response to lithospheric 

thinning resulted from the prolonged thermo-mechanical-chemical erosion processes caused 
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by slab rollback of the Paleo-Pacific plate. 

 

Keywords: Jiaodong Peninsula; adakitic quartz diorite dikes; high-Mg diorite dikes; 

lithospheric thinning; Paleo-Pacific plate
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1. Introduction  

 

In the Late Mesozoic, the eastern North China Craton (NCC) underwent massive 

lithospheric thinning and concomitant magmatic activities and metallogeny (Menzies et al., 

1993; Zhai and Santosh, 2013; Deng and Wang, 2016). The Jiaodong Peninsula is located in 

the southeastern margin of the NCC (Fig. 1a). A series of igneous plutons, including the Late 

Jurassic granites, middle Early-Cretaceous granodiorites, late Early-Cretaceous granites and 

monzogranites, and Early Cretaceous dikes swarms, as well as plenty of gold deposits came 

into being during this period at Jiaodong (Goss et al., 2010; Goldfarb et al., 2014; Goldfarb 

and Santosh, 2014; Deng et al., 2015a; Santosh and Pirajno, 2015; Yang et al., 2015; Wang et 

al., 2016a; Yang et al., 2016a). Despite extensive research has been conducted on the Late 

Mesozoic magmatism, the nature of mantle composition, crust-mantle interaction and 

corresponding geodynamic setting at Jiaodong in this period are still debatable. 

Dike swarms commonly occur in extensional tectonic settings and can provide insights 

into magmatic source compositions and regional geodynamic settings (Ernst et al., 1995; Hou 

et al., 2008; Deng et al., 2014). Widespread Early Cretaceous mafic-intermediate-felsic dikes 

at Jiaodong offer a ideal opportunity to probe the deep tectonic evolution and its driving 

forces (Deng et al., 2017). However, previous studies in the Jiaodong Peninsula mainly 

focused on the Early Cretaceous mafic dikes for revealing the nature of mantle (Liu et al., 

2009; Guo et al., 2014; Ma et al., 2014, 2016; Cai et al., 2015; Deng et al., 2017; Liang et al., 

2017), and only a few researches referred to the intermediate-felsic dikes (Tan et al., 2007, 

2008; Cai et al., 2013, 2015). The intermediate-felsic dikes could also provide significant 
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insights into mantle-crust process. For instance, the adakitic magmas are generally related to 

thickened continental crust (Xu et al., 2002; Gao et al., 2004; Wang et al., 2005; Gu et al., 

2013; Ma et al., 2013); while the high-Mg andesitic magmas could record the information of 

mantle-crust interaction (Parman and Grove, 2004; Tatsumi, 2006; Zeng et al., 2016, 2017).  

In this study, a series of intermediate-felsic dike samples were collected throughout 

Jiaodong Peninsula (within the Jiaobei terrain and the Sulu orogenic belt). High-precision 

geochronology (LA-ICPMS zircon U-Pb dating) indicates that they were formed during Early 

Cretaceous. Zircon Hf isotopic data, whole rock major and trace element geochemistry, and 

Sr-Nd-Pb isotopic data of representative rocks were also analysed to unveil the magma 

source(s) and to interpret the petrogenesis of these intermediate-felsic dikes. Besides, the 

felsic dikes (e.g. quartz diorite dikes) commonly show the adakitic geochemical features and 

the intermediate dikes (e.g. diorite dikes) generally have the high-Mg andesite (or andesitic 

rocks) (HMAs) characteristics. Therefore, investigating the petrogenesis of these 

intermediate-felsic dikes provides new insights into the deep geodynamic process of Jiaodong 

Peninsula at this period. 

 

2. Geological background  

 

The NCC is one of the earth’s oldest cratons and contains crustal rocks as old as 3.8 Ga 

(Zhao and Zhai, 2013). The NCC comprises the Western and Eastern Blocks separated by the 

Trans-North China Orogen (Wang et al., 2015; Wang et al., 2016b) (Fig. 1a). It borders the 

Qinling-Dabie-Sulu orogenic belt to the south and the Pacific convergent system to the east. 
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The Qinling-Dabie-Sulu orogenic belt was formed by the Triassic subduction of the 

continental crust of the Yangtze Craton (YC) beneath the NCC (e.g., Ye et al., 2000). The 

eastern NCC experienced considerable lithosphere thinning in the Mesozoic during the 

westward subduction of the Paleo-Pacific plate (Li and Li, 2007; Sun et al., 2007). In the 

Early Cretaceous, widespread metamorphic core complexes, pull-apart basins, A-type 

granites, and dike swarms developed in the eastern NCC, reflecting the dominant regional 

extensional tectonics. The occurrence of these features mostly accompanied with concurrent 

lithospheric thinning, possibly resulting from the rollback of the subducted Pacific plate 

along the eastern Asian margin during the Early Cretaceous (Yang et al., 2007; Deng et al., 

2017).  

The Jiaodong Peninsula is located in the southeastern region of the NCC and is bounded 

to the west by the Tan-Lu fault (Fig. 1b). This region is divided into two different terrains by 

the Wulian-Yantai fault, the northwestern Jiaobei terrain and the southeastern Sulu orogenic 

belt (Fig. 1b) (Deng et al., 2015b). The Jiaobei terrane comprises the Jiaobei uplift in the 

north and the Jiaolai basin in the south. Precambrian metamorphic rocks, mainly exposed in 

the Jiaobei terrain, include the Neoarchean Jiaodong Group (containing TTG 

(tonalite-trondhjemite-granodiorite) gneisses, amphibolites, and mafic granulite sequences 

(Yang et al., 2016b); the Paleoproterozoic Fenzishan and Jinshan groups (containing schist, 

paragneiss, calc-silicate rocks, marble, and minor mafic granulites and amphibolites) (Li et al., 

2013); and the Meso-Neoproterozoic Penglai group (containing marble, slate, and quartzite) 

(Faure et al., 2004). These Precambrian basement rocks are partially overlain by the 

Cretaceous continental sediments and associations of volcanic rocks emplaced in the Jiaolai 
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basin, which is located in the southern section of the Jiaobei terrain (Yang et al., 2016b). UHP 

metamorphic rocks, dominated by Neoproterozoic granitic gneisses with minor 

coesite-bearing eclogites, quartzite, and schist, are also present in the Sulu orogenic belt 

(Zhang et al., 2012). Mesozoic intrusions in the Jiaodong Peninsula can be divided into four 

suites: (1) the Late Triassic syenite, such as Jiazishan intrusion, which is only found in the 

easternmost Jiaodong Peninsula (215-209 Ma, LA-ICP-MS zircon U-Pb age, Chen et al., 

2003); (2) the Late Jurassic granite plutons, namely Linglong intrusion, which are composed 

mainly of the Linglong and Luanjiahe granites in Jiaobei terrain (160-150 Ma, LA-ICP-MS 

zircon U-Pb age, Yang et al., 2012; Ma et al., 2013), and the Kunyushan granites in the Sulu 

orogenic belt (149-144 Ma, LA-ICP-MS zircon U-Pb age, Zhang et al., 2010); (3) the middle 

Early-Cretaceous granodiorite plutons, namely Guojialing intrusion, which are mainly 

composed of porphyritic hornblende-biotite granodiorites in the Jiaobei terrain. LA-ICP-MS 

and SHRIMP U-Pb zircon geochronological data show that the Guojialing intrusion were 

emplaced at 135–126 Ma (Yang et al., 2012; Yang et al., 2014); (4) the late Early-Cretaceous 

granite and monzogranite plutons are composed mainly of Aishan monzogranite and Gushan 

granite in Jiaobei terrain (120-113 Ma, LA-ICP-MS zircon U-Pb age, Goss et al., 2010; Li et 

al., 2012), and weideshan granite and Sanfoshan monzogranite in the Sulu orogenic belt 

(118-110 Ma, LA-ICP-MS zircon U-Pb age, Goss et al., 2010). 

Numerous Early Cretaceous dike swarms occur in the Jiaodong Peninsula, and include 

mafic, intermediate, and felsic dikes. Most of the Jiaodong dikes have been dated (by 

whole-rock K-Ar, biotite Ar-Ar, and zircon U-Pb dating), yielding ages ranging from 135 Ma 

to 110 Ma with a peak at 125 Ma (Fig. 1b) (Tan et al., 2008; Liu et al., 2009; Cai et al., 2013, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

8 

 

2015; Ma et al., 2014, 2016; Deng et al., 2017; Liang et al., 2017). Two types of mafic dike 

have been identified, those derived from enriched lithospheric mantle (arc-like type with 

enrichment in LILE and LREE but depletion in HFSE; 130–110 Ma) (Liu et al., 2009; Cai et 

al., 2013, 2015; Ma et al., 2014; Deng et al., 2017; Liang et al., 2017) and those derived from 

asthenospheric mantle (OIB-like type with no depletion in HFSE and enrichment in LREE; 

123-121 Ma) (Ma et al., 2014, 2016). Those intermediate-felsic dikes studied here are mainly 

oriented to the N, the NNE, and the NNW in the Jiaobei terrain and to the E, the NE, and the 

NEE in the Sulu orogenic belt (Fig. 2). 

 

3. Sampling and petrography  

 

Samples in this study were collected from the Jiaobei terrain and the Sulu orogenic belt 

in the Jiaodong Peninsula. Ten intermediate-felsic dikes were sampled and analysed, 

including three felsic dikes and two intermediate dikes from the Jiaobei terrain and five 

intermediate dikes from the Sulu orogenic belt. These intermediate-felsic dikes are all 

classified as diorite and quartz diorite dikes based on their mineral compositions, and were 

sampled at a distance far from gold mineralization in order to avoid the effects of associated 

hydrothermal activities (Table 1, Fig. 2). 

Three quartz diorite dikes were identified in the Jiaobei terrain. Quartz diorite dikes 

contain plagioclase (50–55%), amphibole (10–15%), quartz (10–15%), and K-feldspar 

(5–10%), with minor biotite and pyrite (~5%) with fine-grained panidiomorphic textures and 

massive structures (Fig. 2a and b). One of these three quartz diorite dikes (sample PDDZ-2) is 
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classified as a quartz-diorite porphyrite, as it includes coarse plagioclase (~10%) and 

amphibole (~10%) phenocrysts in a groundmass of plagioclase (30–10%), amphibole 

(10-20%), and quartz (20–15%). 

Seven diorite dikes are sampled from both the Jiaobei terrain and the Sulu orogenic belt. 

These diorite dikes are dominated by plagioclase (35–50%) and amphibole (10–30%), with 

small amounts of K-feldspar (5–10%), quartz, and pyrite, and they are characterized by 

euhedral or subhedral granular textures and massive structures (Fig. 2c-f). One diorite dike 

from the Sulu orogenic belt (sample RCYT-1) displays a porphyritic texture, featuring 

amphibole phenocrysts (~10%) in a groundmass of plagioclase, amphibole, biotite, quartz, 

and pyrite (Fig. 2g and h). 

 

4. Analytical methods 

 

A total of 26 fresh samples were collected from 10 intermediate-felsic dikes for 

geochemical and chronological analyses (Table 1). These samples were crushed to 200 mesh 

powders using an agate mortar for major, trace and rare earth element analysis as well as for 

Sr-Nd-Pb isotopic analysis. Samples were also crushed to 40–60 mesh powders in order to 

obtain zircon separates. 

Zircon crystals from seven samples were separated employing conventional procedures, 

specifically using heavy liquids and magnetic separation, and then followed by hand-picking 

under a binocular microscope. Cathodoluminescence (CL) imaging is also used to select 

suitable positions of zircon crystals for in-situ measurements. LA-ICP-MS zircon U-Pb 
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dating was conducted at the Institute of Mineral Resources, China Academy of Geological 

Science. The operating conditions and data reduction processes have been detailed by Hou et 

al. (2009). Argon and helium were used to remove common Pb remaining in the gas path. The 

zircon GJ-1 was used as an external standard for determining sample zircons 
206

Pb/
238

U ages 

(610 ± 1.7 Ma, Elhlou et al., 2006), and concentrations of U, Th, and Pb were measured 

based on known concentrations of the zircon standard M127 (U= 923 ppm, Th = 439 ppm, 

and Th/U = 0.475, Nasdala et al., 2008). ICPMS-DataCal software was used to select off-line 

raw data, analyse signals and quantitatively calibrate for U-Pb dating (Liu et al., 2010). 

Concordia diagrams and weighted mean calculations were made with Isoplot/Ex ver3. The 

uncertainty for each individual analysis is quoted at the 2σ level, and errors on 

weighted-mean ages are at the 95% confidence level. 

In situ zircon Lu-Hf isotopic analyses were carried out on a Neptune Plus 

multi-collector ICP-MS equipped with a RESOlution M-50 laser-ablation system at the 

Guangzhou Institute of Geochemistry, Chinese Academy of Sciences in Guangzhou 

(GIG-CAS), China. Lu-Hf isotopic measurements were made on the same spots previously 

analysed for U-Pb ages. The laser parameters included a spot size of 45 μm, a repetition rate 

of 8 Hz, and with energy of 80 mJ. Helium was used as a carrier gas, and a small flow of 

nitrogen was added into the gas line to enhance the sample’s signal. A normal single spot 

analysis consisted of 30 s of gas blank collection followed by 30 s of laser ablation; the 

overall integration time was 0.131 s, and approximately 200 cycles of data were collected in 

a given analysis. 
173

Yb and 
175

Lu were used to correct the isobaric interference of 
176

Yb and 

176
Lu on 

176
Hf. 

176
Hf/

177
Hf measurements were normalized to 

179
Hf/

177
Hf = 0.7325 using an 
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exponential law for mass bias correction. More details about this method have been 

published by Wu et al. (2006). The Penglai zircon was used as a reference standard (Li et al., 

2010); analyses of this standard over the measurement period yielded 
176

Hf/
177

Hf = 0.282903 

± 0.000013 (2σ, n = 36). All analytical ratios of 
176

Yb/
177

Hf, 
176

Lu/
177

Hf and 
176

Hf/
177

Hf are 

reported with 2σ errors. 

Whole-rock chemical compositions of the intermediate-felsic dike samples were 

obtained in the Analytical Laboratory of the Geological Survey of China in Langfang, Hebei 

Province. Major elements (except for FeO and loss on ignition (LOI)) were determined by 

X-ray fluorescence (XRF) using a Philips Model 1480 machine equipped with an Rh tube. 

The analytical uncertainty of this method is better than 5%. The FeO contents and the LOI 

were determined using volumetric and gravimetric methods, respectively. Trace elements, 

including La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, U, Nb, Ta, K, Pb, Sr, P, 

Hf, Ti, Y, Co and Ni, were analysed by inductively coupled plasma-mass spectrometry 

(ICP-MS), and all remaining elements (e.g., Ba, Cr, Rb, V, Zr) were measured using 

inductively coupled X-ray Fluorescence Spectroscopy. All analytical uncertainties are lower 

than 10%. Elemental concentrations of all measured samples were calibrated by the standards 

GAu9bGSR, GAu10bGSR, GAu11bGSR, and GAu12aGSR. 

Whole-rock Sr, Nd, and Pb isotopic compositions of the intermediate dike samples were 

measured using a Micromass IsoProbe multicollector inductively coupled plasma-mass 

spectrometer (MC-ICP-MS) at GIG-CAS. Powdered samples, ranging from 110 to 180 mg in 

size, were analysed for their Sr-Nd-Pb isotope compositions. These samples were dissolved in 

Teflon beakers with 1 ml of HNO3 and 2 ml of HF acid at 120℃ for 7 days. Pb was separated 
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using the conventional anionic resin-exchange technique (using AG 1-X8 anionic resin) with 

HCl. Sr and REE in these solutions were separated using standard cation exchange columns 

with special Sr resin. Nd was separated from REE using HDEHP-coated columns. The 

detailed analytical procedures for Sr and Nd isotopes are described by Wei et al. (2002) and 

Li et al. (2004) and those for Pb isotopes are described in detail by White (2000). The sample 

solutions were diluted by 2% HNO3 and introduced through a PFA nebulizer (at a rate of 50 

μL min-1) before being buffered in a quartz cyclonic spray chamber. The integration times for 

Sr, Nd, and Pb were set at ~4s, and each analysis contained 100 cycles. Between each 

analysis, 2% HNO3 was used to clear the sample uptake device. The mass fractionation 

corrections for 
87

Sr/
86

Sr and 
143

Nd/
144

Nd ratios were based on an 
87

Sr/
86

Sr value of 0.1194 and 

a 
143

Nd/
144

Nd value of 0.7219. The measured 
87

Sr/
86

Sr ratios of the NBS987 standard and 

143
Nd/

144
Nd ratios of Jndi-1 standard were 0.710267 ± 9 (2σ; n = 22) and 0.512102 ± 6 (2σ; n 

= 21), respectively. During Pb isotopic analyses, Tl was added to the samples as an internal 

standard for correcting mass-dependent isotopic fractionation. The exponential correction 

value of 
205

Tl/
203

Tl applied to these samples was 2.3871. Repeated analyses of the NBS981 

standard yielded a 
206

Pb/
204

Pb ratio of 16.932 ± 6, a 
207

Pb/
204

Pb ratio of 15.485 ± 6, and a 

208
Pb/

204
Pb ratio of 36.678 ± 17. 

 

5. Results  

 

The LA-ICP-MS zircon U-Pb isotopic data and the in-situ zircon Hf isotopic data for 

intermediate-felsic dikes in the Jiaodong Peninsula are listed in Table 2 and Table 3, 
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respectively. The results of the whole-rock major and trace element analyses and the 

Sr-Nd-Pb isotopic data for intermediate-felsic dikes in the Jiaodong Peninsula are listed in 

Table 4 and Table 5, respectively. 

 

5.1. Zircon U-Pb geochronology 

 

Zircons of three quartz-diorite dikes from Jiaobei (LKXDJ-1, LZYD-11 and PDDZ-2) 

display magmatic oscillatory zoning in CL imaging; individual crystals are subhedral to 

euhedral, colourless, and short to prismatic, with length range of 79-205 μm (Fig. 3a-c). 

Zircon grains obtained from these samples show large ranges of Th (63-983 ppm) and U 

(56-874 ppm) contents, with Th/U ratios varying from 0.3 to 1.8 (Table 2). These features 

suggest that these zircons have magmatic origins (Hoskin and Schaltegger, 2003). The 

samples LKXDJ-1, LZYD-11, and PDDZ-2 yield weighted mean 
206

Pb/
238

U ages of 127.4 ± 1 

(2σ, MSWD=0.96), 120.7 ± 1.5 (2σ, MSWD=0.22), and 122.7 ± 1 (2σ, MSWD=0.63), 

respectively (Fig. 3e-g). 

Zircons from one diorite dike sample in Jiaobei (PDDZ-3) display magmatic oscillatory 

zoning in the CL image (Fig. 3d). Most zircon grains are subhedral to euhedral, dark to light 

grey, and long-prismatic crystals with length ranging from 70 μm to 273 μm. Seventeen 

zircon separates were analysed; they show large ranges of Th (126–903 ppm) and U 

(340–1180 ppm) concentrations, with Th/U ratios varying from 0.17 to 0.77 (Table 2). These 

zircons document features of magmatic origins. These zircons yield a weighted mean 

206
Pb/

238
U age of 122.4 ± 1.4 (2σ, MSWD=0.19) (Fig. 3h). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

14 

 

Zircons from two diorite dike samples in Sulu (RCYT-1 and RSZT-3) display magmatic 

oscillatory zonings in CL imaging; these grains form subhedral to euhedral, colourless to light 

grey, and short-prismatic crystals with lengths ranging from 86 μm to 179 μm (Fig. 4a-b). 

Zircon grains obtained from this sample record large range of Th (182-993 ppm) and U 

(203–667 ppm) concentrations, with Th/U ratios varying from 0.77 to 1.49 (Table 2). The 

samples RCYT-1 and RSZT-3 yield weighted mean 
206

Pb/
238

U ages of 116.0 ± 1.8 (2σ, 

MSWD=0.93) and 119.4 ± 2.2 (2σ, MSWD=0.77), respectively (Fig. 4c-d). 

 

5.2. Zircon Hf isotopes 

 

In the samples of quartz diorite dikes from Jiaobei, thirteen dated zircons from sample 

LKXDJ-1 were analysed for Hf isotope compositions. These crystals exhibit a narrow range 

of 
176

Hf/
177

Hf ratios (0.282255–0.282426), ɛHf(t) values (-9.5 to -15.6), and corresponding 

TDM2 ages ranging from 1.79 to 2.17 Ga. Nineteen dated zircons from LZYD-11 yield 

176
Hf/

177
Hf ratios of 0.282137–0.282349, ɛHf(t) values of -12.5 to -19.9, and corresponding 

TDM2 ages from 1.97 to 2.44 Ga. Fifteen dated zircons from PDDZ-2 yield 
176

Hf/
177

Hf ratios of 

0.282146–0.282490, ɛHf(t) values of -11.0 to -19.5, and corresponding TDM2 ages ranging from 

1.65 to 2.41 Ga (Fig. 5a-b).  

In the samples of diorite dikes from Jiaobei, seventeen dated zircons from PDDZ-3 yield 

176
Hf/

177
Hf ratios of 0.281867–0.282081, ɛHf(t) values of -21.8 to -29.4, and with 

corresponding TDM1 ages between 1.67 and 1.96 Ga (Fig. 5c-d). 

In the samples of diorite dikes from Sulu, fifteen dated zircons from RCYT-1 yield 
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176
Hf/

177
Hf ratios of 0.282254–0.282570, ɛHf(t) values of -9.8 to -15.8, and corresponding 

TDM1 ages ranging from 1.17 to 1.46. Five dated zircons from RSZT-3 yield 
176

Hf/
177

Hf ratios 

of 0.281900–0.282297, ɛHf(t) values of -14.3 to -28.4, and corresponding TDM1 ages range 

from 1.39 Ga to 1.96 Ga (Fig. 5e-f). 

 

5.3. Major and trace elements 

 

Quartz diorite dikes in Jiaobei have high SiO2 contents of 66.26–67.50 wt.% (average = 

66.87 wt.%) and Na2O+K2O contents of 7.38–7.93 wt.% (Fig. 6a). These dikes also record 

K2O contents of 3.00–4.20 wt.%, thus defining them as high-K series rocks (Fig. 6b). 

Furthermore, they are also characterized by high contents of Al2O3 (15.18–16.49 wt.%) and 

low contents of MgO (1.81–2.34 wt.%), Cr (26.3–76.6 ppm), Ni (6.03–45.5 ppm), TiO2 

(0.33–0.39 wt.%), and total Fe2O3 (2.69–3.16 wt.%) (Fig. 7). The quartz-diorite dikes display 

significant enrichment in light rare-earth elements (LREE), as well as high (La/Yb)N (29–66) 

and insignificant Eu anomalies (Eu/Eu*=0.8–0.9), in chondrite-normalized REE patterns (Fig. 

8a). The primitive mantle-normalized spidergram (Fig. 8b) demonstrates that the Jiaobei 

quartz-diorite dikes are enriched in LILE (such as Ba, K, Pb, and Sr) and depleted in HFSE 

(such as Nb, Ta, P, and Ti). 

Diorite dikes in Jiaobei have SiO2 contents of 54.00–56.43 wt.% (average = 55.33 wt.%) 

and Na2O+K2O contents of 5.02–7.20 wt.% (Fig. 6a). They record K2O contents of 2.39–4.30 

wt.% and can thus be classified as high-K, shoshonitic rocks (Fig. 6b). These dikes are further 

characterized by high MgO (6.77–9.71 wt.%), Mg
#
 (65-72), Cr (284–506 ppm), and Ni 
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(109–164 ppm), as well as by low TiO2 (0.78–0.85 wt.%), Al2O3 (13.87–14.86 wt.%), P2O5 

(0.38–0.75 wt.%), and total Fe2O3 (6.43–7.04 wt.%) (Fig. 7). Diorite dikes record significant 

LREE enrichment, with high (La/Yb)N (21–31) and slightly negative Eu anomalies 

(Eu/Eu*=0.8–0.9), on chondrite-normalized REE patterns (Fig. 8c). The primitive 

mantle-normalized spidergram (Fig. 8d) demonstrates that these diorite dikes are enriched in 

LILE and depleted in HFSE. While, Sulu diorite dikes record SiO2 contents of 51.69–58.37 

wt.% (average = 56.00 wt.%) and Na2O+K2O contents of 5.0–5.9 wt.%; these rocks thus span 

a compositional range from monzodiorite to monzonite (Fig. 6a). They have K2O contents of 

2.43–2.93 wt.% and can thus be classified as high-K rocks (Fig. 6b). These dikes are also 

characterized by high MgO (4.91–10.18 wt.%), Mg
#
 (60–72), Cr (146–386 ppm), and Ni 

(30–154 ppm) contents and low TiO2 (0.78–0.99 wt.%), Al2O3 (13.20–16.39 wt.%), P2O5 

(0.33–0.71 wt.%), and total Fe2O3 (4.29–7.22 wt.%) contents (Fig. 7). These dikes display 

significant LREE enrichment, with high (La/Yb)N (16–40) and unclear Eu anomalies 

(Eu/Eu*=0.9–1.1), on chondrite-normalized REE patterns (Fig. 8e). On a primitive 

mantle-normalized spidergram (Fig. 8f), Sulu intermediate dikes are enriched in LILE and 

depleted in HFSE. 

 

5.4. Sr–Nd–Pb isotopes 

 

Quartz diorite dikes in Jiaobei record a narrow range of (
87

Sr/
86

Sr)i isotopic ratios 

(0.709781-0.710367) and large range of ɛNd(t) values (-20.1 to -14.7) (Fig. 9a). These dikes 

also record (
206

Pb/
204

Pb)i isotopic ratios of 16.906 to 17.217, (
207

Pb/
204

Pb)i isotopic ratios of 
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15.451 to 15.507, and (
208

Pb/
204

Pb)i isotopic ratios of 37.373 to 37.949 (Fig. 9b and c). 

Diorite dikes in Jiaobei record a narrow range of (
87

Sr/
86

Sr)i isotopic ratios 

(0.708913-0.709415) and ɛNd(t) values (-16.0 to -16.3) (Fig. 10a). These dikes record 

(
206

Pb/
204

Pb)i isotopic ratios of 16.665 to 17.940, (
207

Pb/
204

Pb)i isotopic ratios of 15.437 to 

15.449, and (
208

Pb/
204

Pb)i isotopic ratios of 37.322 to 37.444 (Fig. 10b and c). 

Sulu diorite dikes record a large range of (
87

Sr/
86

Sr)i isotopic ratios (0.706305-0.709089) 

and ɛNd(t) values (-9.6 to -16.7) (Fig. 10a). These dikes also record (
206

Pb/
204

Pb)i isotopic 

ratios of 16.855 to 17.191, (
207

Pb/
204

Pb)i isotopic ratios of 15.409 to 15.460, and (
208

Pb/
204

Pb)i 

isotopic ratios of 37.140 to 37.546 (Fig. 10b and c). 

 

6. Discussion 

 

6.1. Petrogenesis of high-Mg diorite dikes  

 

The Jiaobei and Sulu diorite dikes show similar chemical compositions, as both yield the 

HMAs characteristics with high values of Mg
#
 (60-72), high MgO, Cr, and Ni contents, and 

low Na2O (average = 3.25 wt.%), which is different from the low Mg
#
 (<44) and high Na2O 

(>4.3 wt.%) contents in melts produced by dehydration melting of metabasic crustal rocks 

(Rapp and Watson, 1995), but show the crustal signatures such as depletion in Nb, Ta, and Ti, 

enrichment in Th and U, high initial 
87

Sr/
86

Sr ratios (0.7063–0.7094), and low εNd(t) (-16.7 to 

-9.6) and εHf(t) values (-29.4 to -7.4).  
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6.1.1. Evaluation of crustal contamination and fractional crystallization  

Although the diorite dikes in Jiaobei and Sulu show the crustal signatures, such as 

depletion in Nb, Ta, and Ti, enrichment in Th and U, high initial 
87

Sr/
86

Sr ratios 

(0.7063–0.7094), and low εNd(t) (-16.7 to -9.6), significant crustal assimilation could be 

precluded for reasons below: (1) There are no positive correlation between (
87

Sr/
86

Sr)i and 

SiO2 and negative correlation between εNd(t) and SiO2 in the Jiaobei and Sulu high-Mg diorite 

dikes (Fig. 11); (2) these high-Mg diorite dikes record much higher concentrations of Sr 

(840–1282 ppm) and Ba (1400–2816 ppm) than those observed in crustal rocks of the NCC 

or YC (Sr = 350–254 ppm; Rb = 59–79 ppm; Ba = 688–633 ppm; Gao et al., 1998); (3) 

Granulite xenoliths in Quaternary basanites from Nushan, located in the southeastern region 

of the NCC, are considered to be suitable analogues for the Mesozoic lower crust in the 

southeastern NCC. These xenoliths are characterized by high Th/U, Zr/Hf, and Nb/Ta ratios, 

strongly negative whole rock εNd(t) values, and very low 
87

Sr/
86

Sr values (Fig. 10a) (Huang et 

al., 2012), all of which are different from those of the Jiaobei and Sulu high-Mg dioritic dikes. 

Thus, these data suggest that crustal assimilation was either impossible or unlikely to have 

played a significant role in the petrogenesis of the high-Mg diorite dikes in Jiaobei and Sulu.  

The Jiaobei and Sulu high-Mg diorite dikes record similarly negative correlations 

between SiO2 and MgO, total Fe2O3, Al2O3 and Ni (Fig. 7a, d and f), indicating that these 

dikes experienced substantial clinopyroxene and/or olivine fractionation. The decrease in 

total Fe2O3 and TiO2 with increasing SiO2 (Fig. 7b and d) may be the result of fractionation of 

Fe-Ti oxides. Although a positive correlation between SiO2 and Al2O3 can be observed in Fig. 

7c, however, the absence of observed Sr and Eu anomalies argues against significant 
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plagioclase fractionation (Fig. 8c-f). Therefore, these data indicate that high-Mg diorite 

magmas mainly underwent fractional crystallization of olivine, clinopyroxene, and/or Fe-Ti 

oxides. 

 

6.1.2. Origin of the high-Mg diorite dikes 

The major and some trace elemental compositions of Jiaobei and Sulu diorite dikes 

resemble those of HMAs. Four models have been proposed to account for the origin of 

HMAs: (1) partial melting of subducted oceanic crust with/or overlying sediments, followed 

by interaction with the overlying mantle wedge (Tatsumi, 2001; Hanyu et al., 2006; Wang et 

al., 2011; Zeng et al., 2016); (2) partial melting of delaminated lower continental crust, 

followed by interaction with overlying mantle materials (Gao et al., 2004); (3) magma mixing 

between ultramafic-mafic magmas and felsic magmas (Streck et al., 2007; Yang et al., 2015); 

(4) partial melting of mantle wedge peridotite metasomatized by fluids or melts liberated 

from the subducting slab (e.g., Parman and Grove, 2004; Tatsumi, 2006).  

Firstly, the typical melts derived from partial melting of subducted oceanic crust, 

followed by interaction with the overlying mantle wedge have high SiO2 contents (> 60 wt.%; 

Tatsumi, 2001; Martin et al., 2005; Zeng et al., 2016), which is higher than those of the 

high-Mg diorite dikes (SiO2 = 51.7-58.4 wt.%) in this study. Additionally, melts of oceanic 

crust are inconsistent with the high Th contents and Th/La ratios (Fig. 12a), the enriched 

isotopic features (Fig. 10), and lack of adakitic feature of the high-Mg diorite dikes in this 

study (Fig. 13) (Tatsumi, 2001; Zeng et al., 2016). Hence, the model of partial melting of 

subducted oceanic crust followed by interaction with the overlying mantle wedge could be 
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eliminated.  

Secondly, an eclogitic thickened lower continental crust is a prerequisite for the model 

of delamination, and this process generally produces adakitic magmas (Xu et al., 2002; Gao 

et al., 2004). The eclogitized lower crust foundered into the convecting mantle and 

subsequently melted and interacted with peridotite, which would produce high Mg
#
, Ni and 

Cr contents, and adakitic features (high Sr/Y = 36–135) and (La/Yb)N = 17-19 (Gao et al., 

2004). However, the high-Mg diorite dikes in this study don’t show the adakitic features (Fig. 

13). Thus, the model of partial melting of delaminated lower continental crust, followed by 

interaction with overlying mantle materials is also not acceptable here.  

Thirdly, the model of magma mixing between ultramafic-mafic magmas and felsic 

magmas is also not suitable for the high-Mg diorite dikes based on the following observation. 

Candidates for ultramafic-mafic magmas and crust-derived felsic magmas are most plausibly 

represented by the Cretaceous mantle-derived arc-like mafic dikes (130-110 Ma) (Liu et al., 

2009; Cai et al., 2013, 2015; Ma et al., 2014; Liang et al., 2016) and the late Early-Cretaceous 

crust-derived granites and monzogranites (120-110 Ma) at Jiaodong (Goss et al., 2010; Li et 

al., 2012), respectively. However, the Cretaceous arc-like mafic dikes at Jiaodong have 

similar (
87

Sr/
86

Sr)i ratios (average value= 0. 0.7094) and εNd(t) (average value = -15.8) to 

those of high-Mg diorite dikes in this study, and don’t show the tendency of magma mixing 

(Fig. 10). Moreover, the highest contents of Mg
#
, Ni and Cr of these Cretaceous arc-like 

mafic dikes, equivalent to those of high-Mg diorite dikes in Jiaobei and Sulu, could not 

produce basaltic magma as a potential source for the high-Mg diorite dikes (e.g. Frey et al., 

1978; Xu et al., 2004). In this study, the absence of felsic enclaves in the high-Mg diorite 
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dikes further against the magma mixing model. 

Therefore, the model of partial melting of mantle wedge peridotite metasomatized by 

fluids or melts liberated from the subducting slab would be suitable for explaining the genesis 

of high-Mg diorite dikes from Jiaobei and Sulu. The high-Mg diorite dikes are both 

characterized by high MgO and compatible element (Cr and Ni) contents, and high Mg
#
 value, 

which indicate that they were derived from a mantle source. The trace element and Sr-Nd 

isotopic data of the high-Mg diorite dikes differ from those of mid-ocean ridge basalts 

(MORBs) or ocean-island basalts (OIBs) (Figs. 8c-f and 10a), both of which are derived from 

the sub-lithosphere (Zhang et al., 2002). However, characteristics observed in the high-Mg 

diorite dikes, such as LILE and LREE enrichment, and HFSE depletion are similar to the 

Aleutian arc basalts derived from partial melting of the mantle wedge peridotite 

metasomatized by fluids liberated from the subducting slab (Kelemen et al., 2003) (Fig. 8c-f). 

The high-Mg diorite dikes with high initial 
87

Sr/
86

Sr values, and low εNd(t) and ɛHf(t) values 

also display similar characteristics to those seen in contemporaneous arc-like mafic dikes at 

Jiaodong, which are believed to have originated from an enriched lithospheric mantle 

modified by slab-derived hydrous fluids (Ma et al., 2014; Deng et al., 2017) (Figs. 8c-f and 

10). In this study, the negative Nb-Ta and Zr-Hf anomalies observed within the Jiaobei and 

Sulu high-Mg diorite dikes likely indicate the presence of subduction-related metasomatism 

in the source region (e.g., Elliott et al., 1997; Ma et al., 2014; Dai et al., 2017). The Jiaobei 

and Sulu high-Mg diorite dikes record high Rb/Y ratios, and low Nb/Zr, Th/Yb and Hf/Sm 

ratios (Fig. 14), indicating that lithospheric mantle has been modified by hydrous fluids 

derived from the subducting oceanic slab. The diorite dikes have much higher 
87

Sr/
86

Sr ratios 
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than those of normal slab fluid (
87

Sr/
86

Sr = 0.70410, Sr = 13530 ppm; Tatsumi, 2000). The 

aqueous fluids from the seawater-altered oceanic crust (
87

Sr/
86

Sr = 0.7092; Tatsumi, 2000) 

and/or marine sediments (
87

Sr/
86

Sr = 0.7053-0.7312; Plank and Langmuir, 1998) are likely 

the appropriate end member for Sr isotope. Combined with the study of whole rocks 

Sr-Nd-Hf isotopic compositions, the oceanic crust has higher εNd(t) and εHf(t) values (e.g. 

MORB ＞  0, Hofmann, 2003) than those of diorite dikes, (Fig. 10). Therefore, the 

metasomatic agent containing only oceanic crust cannot explain that low εNd(t) and εHf(t) 

values of the diorite dikes. The chemical modelling experiment proved that a significantly 

small amount of the sediment-derived fluid (<0.1%) is enough to affect isotopic 

characteristics of magmas formed in subduction zones (Tatsumi and Takeshi, 2003). Thus, the 

marine sediments-derived fluid likely plays an important role in magma source (Fig. 10). 

Additionally, their (
206

Pb/
204

Pb)i, (
207

Pb/
204

Pb)i, and (
208

Pb/
204

Pb)i isotopic ratios are similar to 

those of the Mesozoic mafic rocks from the NCC (Fig. 10b-c). These evidences indicate that 

the Jiaobei and Sulu high-Mg diorite dikes could be derived from the SCLM of NCC which 

had been metasomatized by fluids liberated from the subducting oceanic slab with marine 

sediments. 

Meanwhile, we also detected slight differences in Sr-Nd-Pb-Hf isotopic compositions 

between the Jiaobei and Sulu high-Mg diorite dikes (Figs. 5 and 10). The Sulu high-Mg 

diorite dikes overall show lower (
87

Sr/
86

Sr)i, (
207

Pb/
204

Pb)i, and (
208

Pb/
204

Pb)i ratios and a 

wider range of ɛNd(t) and ɛHf(t) values than those of the Jiaobei high-Mg diorite dikes (Figs. 5 

and 10). However, the Sulu high-Mg diorite dikes displayed strong similarities (e.g. Sr-Nb-Pb 

isotopic signatures) with the Early Cretaceous mafic dikes in the Dabie orogenic belt (Fig. 
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10), which derived from an enriched lithospheric mantle and was contaminated by the deeply 

subducted YC during the Triassic collision and northward subduction of YC beneath the NCC 

(Wang et al., 2005; Xu et al., 2012). The mafic igneous rocks in the Sulu orogenic belt, 

including the Late Triassic and Early Cretaceaus ones, had been proved to have derived from 

partial melting of the enriched SCLM source that were generated by reaction of the ancient 

SCLM peridotite of the NCC with felsic melts from the subducted continental crust of the YC 

in the Triassic (Dai et al., 2016). Moreover, the mantle xenoliths hosted in the Paleozoic 

kimberlite from eastern NCC exhibit much higher (
87

Sr/
86

Sr)i values and ɛNd(t) values than 

those of the Late Triassic (212-210 Ma) Shidao and Jiazishan alkaline gabbro intrusions in 

the Sulu orogenic belt. These alkaline gabbro intrusions have been recognized to be derived 

from the partial melting of the lithospheric mantle which is generated by underplating of 

hydrous felsic melts derived from the subducted continental crust during the Triassic 

continental subduction and collision between the NCC and the YC (Chen and Jiang, 2011; 

Zhao et al., 2012) (Fig. 10a). These chemical and isotopic data suggest that the SCLM 

beneath the Sulu orogenic belt changed during the Late Triassic subduction of YC. However, 

the Sulu high-Mg diorite dikes in this study show higher 
87

Sr/
86

Sr than those of the Shidao 

and Jiazishan gabbro (Fig. 10), suggesting that another metasomatized agent had been added, 

besides felsic melts derived from the YC. In the study above, these diorite dikes have been 

proved to be derived from partial melting of the enriched SCLM source that were modified 

by fluids liberated from the subducted oceanic slab with marine sediments. These evidences 

further imply that the Sulu high-Mg diorite dikes derived from partial melting of the SCLM 

beneath the Sulu orogenic belt had been altered by both of subducted slab-derived melts of 
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YC and fluids liberated from the subducted oceanic slab with marine sediments. 

 

6.1.3. Nature of mantle source 

Jiaobei and Sulu high-Mg diorite dikes are characterized by high K2O content and 

evident LILE enrichment, indicating that LILE- and K-bearing phases, such as amphibole or 

phlogopite, were present in their source (Foley et al., 1996; Ionov et al., 1997). Partial 

melting of amphibole is expected to yield significantly lower Rb/Sr (<0.1) and higher Ba/Rb 

(>20) ratios than melts of a phlogopite-bearing source (Furman and Graham, 1999). The 

high-Mg diorite dikes in this study record relatively low Rb/Sr (0.06–0.10) ratios and high 

Ba/Rb (13.66–36.83) ratios, thus indicating a predominance of amphibole in its melting 

source (Fig. 15a). Furthermore, in the SCLM, partial melts in the garnet stability field 

generally have high Dy/Yb ratios (>2.5), whereas melting in the spinel stability field would 

produce melts with low Dy/Yb ratios (<1.5) (Duggen et al., 2005); while the low La/Yb ratios 

reflect a melting regime dominated by relatively large melt fractions and/or spinel as the 

predominant residual phase, whereas high La/Yb ratios are indicative of smaller melt 

fractions and/or garnet control (Yang et al., 2007). In the Dy/Yb versus La/Yb diagram (Fig. 

15b), the Jiaobei and Sulu high-Mg diorite dikes show Dy/Yb ratios ranging from 1.98 to 

2.68, thus spanning a range between the partial melting curves of garnet-facies and 

spinel-facies lherzolite. These results thus imply that partial melting have taken place in the 

spinel-garnet transition zone, with the observed range of La/Yb ratios suggesting that variable 

and low degrees of partial melting occurred to produce melts. Therefore, we conclude that the 

Jiaobei and Sulu high-Mg diorite dikes were mostly derived from low-degrees of partial 
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melting of an amphibole-bearing lherzolite lithospheric mantle in the spinel-garnet transition 

zone.  

 

6.2. Petrogenesis of adakitic quartz diorite dikes  

 

Quartz diorite dikes at Jiaobei exhibit adakitic features, including high concentrations of 

SiO2, Al2O3 and Sr, and low Y contents, with high Sr/Y (76–149) and La/Yb (41–91) ratios 

(Fig. 13). Three genetic models have been suggested for the origin of the Mesozoic adakitic 

rocks in eastern NCC: (1) partial melting of a subducted oceanic crust (Chen and Zhou, 2005; 

Wang et al., 2016); (2) partial melting of delaminated lower crustal material and interaction 

with overlying mantle peridotite material (Xu et al., 2002; Gao et al., 2004; Gu et al., 2013); 

(3) partial melting of thickened lower crust (Yang et al., 2012; Ma et al., 2013; Yang et al., 

2014). Firstly, the typical adakites is believed to be generated by the partial melting of 

subducting oceanic slab (Defant and Drummond, 1990). However, the Sr-Nd isotopic 

compositions of the Jiaobei adakitic dikes obviously differ from MORB-like components (Fig. 

9). Jiaobei adakitic dikes have higher K2O/Na2O (0.7-1.1) and Th/U (5.4-7.7) ratios than 

those of adakites from the partial melting of basaltic ocean crust (K2O/Na2O = ~0.4, Th/U = 

~0.3, (
87

Sr/
86

Sr)i < 0.7045, ɛNd(t) > 6; Martin, 1999). Therefore, Jiaobei adakitic dikes are 

unlikely to have been formed by partial melting of a subducted region of the oceanic crust. 

Secondly, it is suggested that the adakitic magmas could have been produced by the 

delamination of lower crustal rocks into the mantle, and followed by interaction with mantle 

peridotites (Xu et al., 2002; Gao et al., 2004). Nevertheless, the Jiaobei adakitic dikes have 
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lower MgO (1.81–2.34 wt.%) content, lower ɛNd(t) (-20.1 to -14.7) value, and higher 

(
87

Sr/
86

Sr)i (0.7098-0.7104) ratio than those of delaminated lower crust-derived Mesozoic 

adakitic rocks in the eastern NCC (MgO ＞ 3 wt.%, (
87

Sr/
86

Sr)i = 0.7051-0.7075, ɛNd(t) = 

-10 to +1; Xu et al., 2002; Gao et al., 2004) (Figs. 9a and 12b). Therefore, the model of 

delaminated lower crust is also inappropriate for explaining the origin of Jiaobei adakitic 

dikes. 

Alternatively, the model of partial melting of thickened lower crust could explain the 

origin of Jiaobei adakitic dikes. In the diagrams of (La/Yb)N versus Sr/Y, the Jiaobei adakitic 

dikes plot in the field of adakitic rocks derived from melts generated by partial melting of a 

thickened lower crust (Fig. 12c). Besides, adakitic signatures (e.g. high Sr/Y and La/Yb) and 

low Y and HREE abundances without negative Eu anomalies have been thought to the 

presence of residual garnet and the absence of residual plagioclase in the magma source 

(Yang, 2008; Hou et al., 2013). The flat HREE patterns (Y/Yb = 10-14; (Ho/Yb)N = 1.05-1.40) 

of Jiaobei adakitic dikes show that amphibole was also residual mineral (Moyen, 2009; 

Huang and He, 2010), which is indicative of an amphibole-bearing eclogite or 

garnet-amphibolite crustal source. Moreover, the mafic crustal rocks can melt to produce 

adakitic liquids at sufficient depths (＞ 40 km, ~1.2 Gpa) for garnet to be stable within the 

residual assemblage (amphibole-bearing eclogite, garnet-amphibolite and/or eclogite) (Rapp 

et al., 2003, and reference therein). Therefore, Jiaobei adakitic dikes originated from partial 

melting of the amphibole-bearing eclogitic or garnet-amphibolitic thickened lower crust.  

Jiaobei quartz diorite dikes also show high Mg
#
 value (50-60, higher than crustal melts 

alone; Fig. 12d) and high Cr (30.4-76.6 ppm) and Ni (6.03-45.5 ppm) contents, which 
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indicate likely the involvement of mantle components (Wang et al., 2016; Zeng et al., 2016). 

In the Jiaodong Peninsula, the Late Jurassic adakitic granites (160-144 Ma; Linglong 

intrusion) is recognized to be derived from partial melting of the thickened ancient lower 

crust of the NCC without mixing with mantle-derived materials (Ma et al., 2013). But, the 

middle Early-Cretaceous granodiorites (135-126 Ma; Guojialing intrusion), which show 

lower initial 
87

Sr/
86

Sr ratios and higher εHf(t) and εNd(t) values than those of Late Jurassic 

Linglong intrusion (Figs. 9a and 16), originated from a crustal magmatic source with 

involvement of mantle components (Zhang et al., 2010; Jiang et al., 2012; Yang et al., 2012; 

Yang et al., 2014). Previous study on the Cretaceous felsic rocks in Jiaodong Peninsula 

revealed that the Guojialing granodiorite (135-126 Ma) carries mafic enclaves (Yang et al., 

2014), and the Gushan granite (~120 Ma), located in the Jiaobei terrane of the eastern North 

China Craton, carries mafic microgranular enclaves as well (Li et al., 2012), which provide 

support to the hypothesis of involvement of underplated mafic magmas. In this study, 

combined with the Sr-Nd-Hf isotopic compositions, the Jiaobei quartz diorite dikes display 

lower initial 
87

Sr/
86

Sr ratios and higher εHf(t) and εNd(t) values than those of both the middle 

Early-Cretaceous Guojialing granodiorites and Late Jurassic Linglong intrusion (Figs. 9a and 

16), indicating more influx of mantle components into crust-derived melts. It has been 

studied that there are a large number of mafic dikes which derived from lithospheric mantle 

and emplaced into Jiaodong Peninsula at early Cretaceous (130-110 Ma) (Liu et al., 2009; Cai 

et al., 2013, 2015; Ma et al., 2014; Deng et al., 2017; Liang et al., 2017). The underplating of 

these mafic magmas likely induced the interaction between crust-derived melt and mafic 

magma. Therefore, Jiaobei adakitic quartz diorite dikes are proposed to be derived from 
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partial melting of thickened ancient lower crust with involvement of underplated mafic 

magmas.  

 

6.3. Tectonic implication 

 

It has been accepted that the late Mesozoic tectonic history of Jiaodong Peninsula, and 

even to the eastern NCC, was marked by crustal extension and lithospheric thinning with 

numerous magmatism (Menzies et al., 1993; Yang et al., 2007). The thickness of the NCC 

lithosphere has been estimated to have been nearly 200 km during the Ordovician (Fan et al., 

2000; Gao et al., 2002). The Early Cretaceous OIB-like mafic dikes (123-121 Ma) intruding 

into Jiaodong Peninsula were proved to be derived from asthenospheric mantle (Ma et al., 

2014, 2016), which means that the thickness of the lithosphere is no greater than 80 km at 

this period (Ma et al., 2014). However, in the Early Cretaceous, the dynamic processes and 

mechanism leading to the lithospheric thinning as well as magmatism at Jiaodong still remain 

debated, and those causes mainly include foundering of the lower crust (Gao et al., 2004, 

2008; Liu et al., 2009), lithospheric delamination (Wu et al., 2005), and thermo-mechanical 

erosion resulted by asthosphere mantle convection (Xu et al., 2014) or caused by rollback of 

Paleo-Pacific slab (Deng et al., 2017). In this paper, the Jiaobei adakitic quartz diorite dikes 

(127-120 Ma) has proved the existence of a thickened ancient lower crust at Jiaodong, which 

could also be supported by the Early Cretaceous adakitic rocks in the Luxi area (Gu et al., 

2013). Thus, the existence of a thickened ancient lower crust is inconsistent with the 

foundering of the lower crust beneath eastern NCC in the Creataceous. Furthermore, in 
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combination with the middle Early-Cretaceous granodiorites (135-126 Ma) originated from a 

crustal magmatic source with involvement of mantle components (Zhang et al., 2010; Jiang et 

al., 2012; Yang et al., 2012), the high-Mg diorite dikes (116-122 Ma) in this study has the 

common source of lithospheric mantle with the contemporaneous arc-like mafic dikes 

(130-110 Ma) at Jiaodong, indicating that lithospheric thinning along with mantle-derived 

magmatism was a prolonged process since at least 135 Ma rather than the lithospheric 

delamination during a short event lasting ~10 million years (Wu et al., 2005). Hence, Early 

Cretaceous magmatism at Jiaodong has revealed an episodic development of the lithospheric 

thinning through thermo-mechanical-chemical erosion processes during a prolonged process 

at least from 135 Ma to 110 Ma.  

Although the model of thermo-mechanical-chemical erosion processes resulted by 

asthenospheric mantle convection could explain the dynamic processes of the Early 

Cretaceous magmatism, however, it could not explain the isotopic discrepancy of the 

high-Mg diorite dikes between the Jiaobei and Sulu, and that the mantle source of Jiaobei and 

Sulu high-Mg diorite dikes has been metasomatized by fluids of subducting oceanic slab. In 

this study, slight differences in Sr-Nd-Pb-Hf isotopic compositions between the Jiaobei and 

Sulu high-Mg diorite dikes indicate that the SCLM beneath the Sulu orogenic belt had been 

affected by subducted slab-melts from subducting YC during the Triassic. The lithospheric 

mantle of the YC has much more radiogenic Pb signatures than those of NCC (Liu et al., 

2009; Tan et al., 2013), however, the high-Mg diorite dikes in this study, and even to the 

mafic dikes from Jiaobei (Liu et al., 2009; Tan et al., 2013; Ma et al., 2014), have Pb isotopic 

characteristics that are distinct from those of YC lithosphere mantle, so we can rule out the 
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possibility of involvement of YC lithosphere. Arc-like Cretaceous magmatism is widespread 

all over the NCC rather than areas close to the Dabie-Sulu, hence, the subducted Yangtze 

crust was impossible thrusted under the NCC even further north (e.g. Yang et al., 2004; Wang 

et al., 2006; Li et al., 2011). Also, the arc-like trace element signatures, high Rb/Y and Ba/La 

ratios, and low Nb/Y, Nb/Zr, Th/Zr and Th/Yb of the high-Mg diorite dikes proved that the 

SCLM beneath Jiaodong, including Jiaobei terrain and Sulu orogenic belt, has been 

metasomatized by fluids from dehydrated slab. It has been widely accepted that the 

easternmost NCC had become an active continental margin since ~178 Ma, as it was placed 

in the upper plate of a shallow-angle subduction zone, consuming the Paleo-Pacific oceanic 

plate (Maruyama et al., 1997; Li and Li, 2007; Dilek and Sandvol, 2009; Mao et al., 2011). 

Thus, the SCLM beneath Jiaodong has been metasomatized by fluids from the subducting 

Paleo-Pacific slab in the Late Mesozoic. Furthermore, Deng et al. (2017) presented eastward 

younging mafic dikes in the Jiaodong Peninsula, which couldn’t be explained by 

asthenospheric mantle convection. However, from about 160 Ma onwards, slab rollback of 

the Paleo-Pacific plate occurred (Wu et al., 2007; Jiang et al., 2010; Mao et al., 2011; Ma et 

al., 2014), keeping pace with magmatism migrated eastward over time. This process caused 

strong strain partitioning and regional left-lateral transtensional deformation along and across 

the eastern part of the NCC (Wu et al., 2007; Jiang et al., 2010; Mao et al., 2011), resulting in 

upwelling of asthenospheric mantle and prolonged thermo-mechanical-chemical erosion for 

the lithosphere. 

We model that, in the Early Cretaceous, the process of prolonged 

thermo-mechanical-chemical erosion is caused by rollback of the Paleo-Pacific plate, and 
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further induced delamination and thinning of the lithospheric mantle beneath Jiaodong 

Peninsula. During this process, the partially melting of SCLM of Jiaodong Peninsula due to 

heating of the underlying asthenospheric mantle generated the primary lithospheric 

mantle-derived melts. During ascent to the surface, the lithospheric mantle-derived melts 

underwent fractionation formed the arc-like mafic dikes and/or high-Mg diorite dikes 

(130-110 Ma), and decompressive melting of asthenospheric mantle generated the OIB-like 

mafic dikes (123-121 Ma). Besides, continuous heating by mantle-derived mafic magmas 

resulted in the partial melting of the thickened ancient lower crust, generating the adakitic 

quartz diorite dikes (127-120 Ma) with involvement of underplated mafic magmas (Fig. 17).  

 

7. Conclusions  

 

(1) LA-ICP-MS zircon U-Pb dating demonstrates that intermediate-felsic dikes, 

consisting of quartz diorite and diorite dikes, were emplaced in the Jiaodong Peninsula at ca. 

128–108 Ma.  

(2) Quartz diorite dikes in Jiaobei have adakitic features, and were likely derived from 

partial melting of thickened ancient lower crust with involvement of underplated mafic 

magmas. On the other hand, diorite dikes in Jiaobei and Sulu yield the HMAs characteristics, 

which were derived from low-degree partial melting of amphibole-bearing lherzolitic 

peridotites in the spinel-garnet transition zone.  

(3) The SCLM beneath the Sulu Orogenic belt has been altered by the Triassic 

continental deep subduction of YC. In the Late Mesozoic, the SCLM beneath the Jiaodong 
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Peninsula was modified by slab-derived hydrous fluids originating from the subduction of the 

Paleo-Pacific plate with marine sediments. 

(4) Early Cretaceous magmatism within the Jiaodong Peninsula may have occurred in 

an extensional tectonic setting involving lithospheric thinning, which was induced by 

thermo-mechanical erosion further caused by rollback of Paleo-Pacific slab. 
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Figure captions 

 

Fig. 1. (a) Tectonic outline of the North China Craton. (b) Simplified geological map of the 

Jiaodong Peninsula (modified after Deng et al., 2017), showing the distribution of dike 

swarms and the locations of samples used in this study. Data sources: Tan et al., 2008; Liu 

et al., 2009; Cai et al., 2013, 2015; Ma et al., 2014, 2016; Deng et al., 2017. 

Fig. 2. Representative field photographs and micrographs showing a quartz diorite dike (a) 

and its major mineral assemblages (b), a diorite dike (c) and its main mineral assemblages 

(d) in the Jiaobei terrane; a diorite dike (e) and its dominant minerals (f); and a diorite 

porphyry dike (g) and its major minerals (h) in the Sulu orogenic belt. Qtz: quartz; Pl: 

plagioclase; Am: amphibole. 

Fig. 3. Cathodoluminescence images (a–c) and zircon U–Pb concordia diagrams (e–g) of 

quartz diorite dikes from the Jiaobei terrane; Cathodoluminescence images (d) and 

zircon U–Pb concordia diagrams (h) of diorite dikes from the Jiaobei terrane in the 

Jiaodong Peninsula. 

Fig. 4. Cathodoluminescence images (a–b) and zircon U–Pb concordia diagrams (c–d) of 

diorite dikes from the Sulu orogenic belt in the Jiaodong Peninsula. 

Fig. 5. Histograms of zircon εHf(t) values and TDM2(t) for quartz diorite dikes (a-b) and diorite 

dikes (c-d) from Jiaobei terrane, and diorite dikes from Sulu orogenic belt (e-f) in 

Jiaodong Peninsula. 

Fig. 6. Plots (a) of Na2O+K2O vs. SiO2 and (b) K2O vs. SiO2 (after Le et al., 1989) for quartz 

diorite dikes and diorite dikes from the Jiaobei terrane and Sulu orogenic belt in the 
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Jiaodong Peninsula. Smaller gray circles and squares represent data from previous studies 

(Tan et al., 2007; Cai et al., 2013, 2015).  

Fig. 7. SiO2 vs. selected major and trace element contents for quartz diorite dikes and diorite 

dikes from the Jiaobei terrane and Sulu orogenic belt in the Jiaodong Peninsula. Smaller 

gray circles and squares represent data from previous studies (Tan et al., 2007; Cai et al., 

2013, 2015). 

Fig. 8. Chondrite-normalized REE patterns of Jiaobei quartz diorite dikes (a), Jiaobei diorite 

dikes (c) and Sulu diorite dikes (e); primitive mantle-normalized immobile trace element 

patterns of Jiaobei quartz diorite dikes (b), Jiaobei diorite dikes (d) and Sulu diorite dikes 

(f). Data sources: 123-121 Ma OIB-like mafic dikes in the Jiaodong Peninsula are from 

Ma et al. (2014, 2016); 130–110 Ma arc-like mafic dikes in the Jiaodong Peninsula are 

from Liu et al. (2009) and Ma et al. (2014); 120-110 Ma granites in Jiaodong Peninsula 

are from Goss et al. (2010) and Li et al. (2012); average OIB and N-MORB lines are from 

Sun and McDonough (1989); Aleutian arc basalts are from Kelemen et al. (2003); and 

chondrite and primitive mantle values are from Sun and McDonough (1989). 

Fig. 9. Plots of (a) (
87

Sr/
86

Sr)i vs. εNd(t), (b) Initial 
206

Pb/
204

Pb vs. 
208

Pb/
204

Pb, and (c) initial
 

206
Pb/

204
Pb vs. 

207
Pb/

204
Pb values for the quartz diorite dikes from the Jiaobei terrane in the 

Jiaodong Peninsula. Data sources: The Late Jurassic granite are from Yang et al. (2012); 

the middle Early-Cretaceous granodiorite are from Zhang et al. (2010); Yang et al. (2012); 

the late Early-Cretaceous monzogranite are from Li et al. (2012); Cretaceous arc-like 

mafic dikes in Jiaodong are from Liu et al. (2009), Ma et al. (2014), Cai et al. (2015) and 

Deng et al. (2017); delaminated lower crust-derived adakitic rocks in Mesozoic are from 
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Gao et al. (2004); subducted oceanic crust-derived adakites in Cenozoic are from Defant 

and Drummond (1990) and Sajona et al. (2000); mafic rocks from the NCC are from 

Zhang et al. (2004) and Xie et al. (2006); mafic rocks from the YC are from Yan et al. 

(2003); fields for MORB, OIB and NHRL (north hemisphere reference line) are from Hart 

(1984). 

Fig. 10. Plots of (a) (
87

Sr/
86

Sr)i vs. εNd(t), (b) initial 
206

Pb/
204

Pb vs. 
208

Pb/
204

Pb, and (c) initial
 

206
Pb/

204
Pb vs. 

207
Pb/

204
Pb values of diorite dikes from the Jiaobei terrane and Sulu 

orogenic belt in the Jiaodong Peninsula. Data sources: Paleozoic kimberlites and 

peridotites are from Zheng and Lu (1999); Triassic mafic rocks in Sulu orogenic dikes are 

from Zhao et al. (2012); Cretaceous arc-like mafic dikes in Jiaobei are from Liu et al. 

(2009), Ma et al. (2014) and Deng et al. (2017); Cretaceous OIB-like mafic dikes in 

Jiaobei are from Ma et al. (2014, 2016); Cretaceous arc-like mafic dikes in Sulu are from 

Cai et al.(2015) and Deng et al. (2017); Cretaceous arc-like mafic dikes in Dabie are from 

Wang et al. (2005) and Xu et al. (2012); subducted oceanic crust-derived adakites in 

Cenozoic are from Defant and Drummond (1990) and Sajona et al. (2000); mafic rocks 

from the NCC are from Zhang et al. (2004) and Xie et al. (2006); mafic rocks from the YC 

are from Yan et al. (2003); fields for MORB, OIB and NHRL (north hemisphere reference 

line) are from Hart (1984). 

Fig. 11. Plots of εNd(t) vs. SiO2 (a) and (
87

Sr/
86

Sr)i vs. SiO2 (b) for quartz diorite dikes and 

diorite dikes from the Jiaobei terrane and the Sulu orogenic belt in the Jiaodong Peninsula. 

Smaller gray circles and squares represent data from previous studies (Tan et al., 2007; Cai 

et al., 2013, 2015). 
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Fig. 12. Plots of (a) Th vs. Th/La for quartz diorite dikes and diorite dikes from the Jiaobei 

terrane and Sulu orogenic belt (MORB data are from Niu and Batiza, 1997); (b) SiO2 vs. 

MgO (after Wang et al., 2007 and Moyen, 2009), (c) (La/Yb)N vs. Sr/Y (after Liu et al., 

2010) and (d) SiO2 vs. Mg
#
 of in the Jiaodong Peninsula (after Wang et al., 2016) for 

quartz diorite dikes from Jiaobei terrane. 

Fig. 13. Diagrams of Sr/Y vs. Y (a) and (La/Yb)N vs. YbN (b) for quartz diorite dikes and 

diorite dikes from the Jiaobei terrane and Sulu orogenic belt in the Jiaodong Peninsula 

(after Defant and Drummond, 1990; Martin et al., 2005). Data sources: partial melting 

curves for basalt residues of eclogite, garnet amphibolite, and amphibolite are from Defant 

and Drummond, 1990 and Ou et al. (2017). Smaller gray circles and squares represent data 

from previous studies (Tan et al., 2007; Cai et al., 2013, 2015). 

Fig. 14. Plots of (a) Rb/Y vs. Nb/Y (Kepezhinskas et al., 1997), (b) Nb/Zr vs. Th/Zr 

(Kepezhinskas et al., 1997), (c) Th/Yb vs. Ba/La (Woodhead et al. 2001) and (d) Hf/Sm vs. 

Zr/Hf (Liu et al. 2014) for quartz diorite dikes and diorite dikes from the Jiaobei terrane 

and Sulu orogenic belt in the Jiaodong Peninsula. Smaller gray circles and squares 

represent data from previous studies (Tan et al., 2007; Cai et al., 2013, 2015). 

Fig. 15. (a) Rb/Sr vs. Ba/Rb (Furman and Graham, 1999) and (b) plot of La/Yb vs. Dy/Yb 

(Yang et al., 2007) for diorite dikes from the Jiaobei terrane and Sulu orogenic belt in the 

Jiaodong Peninsula. Smaller gray circles and squares represent data from previous studies 

(Tan et al., 2007; Cai et al., 2013, 2015).  

Fig. 16. Plots of zircon εHf(t) vs. ages of Late Mesozoic magmatic rocks in the Jiaodong 

Peninsula. Data sources: The Late Jurassic granite are from Yang et al. (2012); the middle 
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Early-Cretaceous granodiorite are from Zhang et al. (2010) and Yang et al. (2012); the late 

Early-Cretaceous monzogranite are from Li et al. (2012). 

Fig. 17. A proposed model for the origin of the Cretaceous dike swarms in Jiaodong Peninsula 

(Modified from Deng et al., 2017). 

 

Table captions 

 

Table 1: Lithology and mineralogy of intermediate-felsic dikes from the Jiaobei terrane and 

the Sulu orogenic belt in the Jiaodong Peninsula 

Table 2: Results of LA–ICP–MS zircon U–Pb dating of intermediate-felsic dikes from the 

Jiaobei terrane and the Sulu orogenic belt in the Jiaodong Peninsula 

Table 3: Zircon Hf isotopic compositions of intermediate-felsic dikes from the Jiaobei terrane 

and the Sulu orogenic belt in the Jiaodong Peninsula  

Table 4: Whole-rock major (wt.%) and trace element (ppm) compositions of 

intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic belt in the 

Jiaodong Peninsula 

Table 5: Sr, Nd and Pb isotopic compositions of intermediate-felsic dikes from the Jiaobei 

terrane and the Sulu orogenic belt in the Jiaodong Peninsula 
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Table 1: Lithology and mineralogy of intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic 

belt in the Jiaodong Peninsula 

No Sample GPS Lithology Texture Mineralogy 

Jiaobei 

LKXDJ-1 
LKXDJ-1-1 

LKXDJ-1-2 

N：37°32′8.8″ 

E：120°30′13″ 
Quartz diorite  

Subhedral 

granula 
Pl(45%), Am(15%), Qtz(15%), Kfs(10%), Bt 

LZYD-1 
LZYD-1-11 

LZYD-1-12 

N：37°12′45″ 

E：120°10′53″ 
Quartz diorite  Euhedral granula 

Pl(40%), Am(15%) Qtz(15%), Kfs(10%), 

Bt(5%), Py(5%) 

PDDZ-1 
PDDZ-1-1 

PDDZ-1-2  

N：36°58′25.9″ 

E：119°59′56.2″ 
Diorite  

Subhedral 

granula 
Pl(50%), Am(30%), Cpx(10%), Py(5%) 

PDDZ-2 
PDDZ-2-1 

PDDZ-2-2 

N：36°58′28.8″ 

E：120°00′23″ 

Quartz diorite 

porphyrite  
Porphyritic 

Phenocrysts: Pl(10%), Am(10%);  

groundmass: Pl＞Am＞Qtz 

PDDZ-3 

PDDZ-3-1 

PDDZ-3-2 

PDDZ-3-3 

N：36°58'28.8" 

E：120°00'23" 
Diorite  

Subhedral 

granula 
Pl(40%), Am(30%), Kfs(15%), Py(5%) 

Sulu 

RSYZ-1 

RSYZ-1-1 

RSYZ-1-2 

RSYZ-1-4 

N:37°5'15" 

E:121°25'10.1" 
Diorite  

Subhedral 

granula 
Pl(35%), Am(30%), Kfs(10%), Py(5%) 

RSZT-1 

RSZT-1-1 

RSZT-1-2 

RSZT-1-3  

N:37°0′38.8″   

E:121°47′56″ 
Diorite  

Subhedral 

granula 
Pl(40%), Am(30%), Kfs(10%), Qtz(5%) 

RSZT-2 

RSZT-2-1 

RSZT-2-2 

RSZT-2-5 

N:37°0′52.3″  

E:121°52′32.9″ 
Diorite  

Subhedral 

granula 

Pl(40%), Am(30%), Kfs(10%), Qtz(5%), 

Py(5%) 

RSZT-3 

RSZT-3-2 

RSZT-3-3 

RSZT-3-4 

N:37°0′52.3″  

E:121°52′32.9″ 
Diorite  

Subhedral 

granula 
Pl(45%), Am(30%), Kfs(10%), Py(5%) 

RCYT-1 

RCYT-1-1 

RCYT-1-2 

RCYT-1-3 

N:37°10′41.5″   

E:122°24′53.4″  
Diorite porphyrite  Porphyritic 

Phenocrysts: Am(10%);  groundmass:Pl＞

Am＞Bt＞Qtz＞Py 

Pl: Plagioclase; Am: Amphibole; Bt: Biotite; Py: Pyrite; Qtz: Quartz; Kfs: K-feldspar 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

53 

 

Table 2: Results of LA–ICP–MS zircon U–Pb dating of intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic belt in the Jiaodong 

Peninsula 

Spot Th(ppm) U(ppm) Th/U 
Isotopic ratios   Age (Ma) 

207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 

 

207Pb/235U 1σ 206Pb/238U 1σ 

LKXDJ-1 

1 486.2 874.0 0.5563 0.1305 0.0062 0.0201 0.0002 0.25871 0.00025 
 

124.6 5.6 128.2 1.6 

2 133.6 265.8 0.5027 0.0509 0.0032 0.1422 0.0086 0.02034 0.00031 
 

135.0 7.6 129.8 2.0 

3 137.0 277.8 0.4931 0.0521 0.0036 0.1452 0.0097 0.01989 0.00032 
 

137.6 8.6 126.9 2.0 

4 246.0 365.6 0.6730 0.0490 0.0028 0.1354 0.0078 0.01976 0.00031 
 

128.9 6.9 126.1 2.0 

5 327.4 779.1 0.4202 0.0484 0.0077 0.1322 0.0205 0.01980 0.00043 
 

126.1 18.4 126.4 2.7 

6 982.9 709.0 1.3862 0.0495 0.0024 0.1391 0.0067 0.02034 0.00031 
 

132.3 6.0 129.8 2.0 

7 494.7 698.0 0.7088 0.0486 0.0021 0.1375 0.0057 0.02045 0.00026 
 

130.8 5.1 130.5 1.6 

8 269.4 591.7 0.4554 0.0528 0.0026 0.1433 0.0069 0.01963 0.00032 
 

136.0 6.1 125.3 2.0 

9 156.9 403.6 0.3887 0.0501 0.0028 0.1355 0.0071 0.01978 0.00036 
 

129.0 6.4 126.3 2.3 

10 206.9 297.7 0.6950 0.0467 0.0022 0.1305 0.0062 0.02009 0.00025 
 

130.8 10.5 126.3 2.3 

11 304.2 408.6 0.7446 0.0502 0.0027 0.1357 0.0072 0.01965 0.00027 
 

129.2 6.5 125.4 1.7 

12 221.2 735.4 0.3008 0.0472 0.0019 0.1289 0.0049 0.01969 0.00024 
 

123.1 4.4 125.7 1.5 

13 142.4 231.8 0.6141 0.0537 0.0054 0.1465 0.0136 0.01995 0.00036 
 

138.8 12.0 127.3 2.3 

LZYD-11 

1 124.2 74.9 1.6594 0.0518 0.0078 0.1292 0.0154 0.01898 0.00052 
 

123.4 13.8 121.2 3.3 

2 114.0 83.5 1.3643 0.0521 0.0065 0.1264 0.0138 0.01891 0.00069 
 

120.8 12.4 120.7 4.4 

3 64.2 56.2 1.1415 0.0518 0.0098 0.1189 0.0170 0.01846 0.00073 
 

114.1 15.5 117.9 4.6 

4 143.2 98.7 1.4504 0.0518 0.0066 0.1296 0.0149 0.01858 0.00065 
 

123.7 13.4 118.7 4.1 

5 113.5 95.3 1.1913 0.0497 0.0058 0.1250 0.0121 0.01871 0.00046 
 

119.6 10.9 119.5 2.9 

6 62.7 58.9 1.0647 0.0483 0.0076 0.1178 0.0149 0.01872 0.00056 
 

113.0 13.5 119.5 3.5 

7 262.0 179.5 1.4596 0.0504 0.0045 0.1321 0.0098 0.01871 0.00039 
 

126.0 8.8 119.5 2.5 

8 135.5 85.4 1.5865 0.0559 0.0126 0.1350 0.0187 0.01852 0.00087 
 

128.6 16.7 118.3 5.5 

9 129.1 112.2 1.1506 0.0500 0.0067 0.1289 0.0137 0.01909 0.00052 
 

123.1 12.3 121.9 3.3 

10 126.9 116.6 1.0887 0.0477 0.0050 0.1280 0.0115 0.01908 0.00059 
 

122.3 10.4 121.8 3.7 

11 87.7 92.9 0.9435 0.0496 0.0081 0.1301 0.0183 0.01908 0.00076 
 

124.2 16.4 121.8 4.8 

12 126.2 113.5 1.1119 0.0514 0.0060 0.1322 0.0126 0.01933 0.00055 
 

126.1 11.3 123.4 3.5 

13 198.9 129.4 1.5368 0.0473 0.0043 0.1252 0.0110 0.01930 0.00051 
 

119.8 9.9 123.2 3.2 

14 233.8 139.7 1.6730 0.0507 0.0046 0.1335 0.0117 0.01875 0.00043 
 

127.3 10.5 119.7 2.7 

15 116.5 118.9 0.9793 0.0480 0.0068 0.1246 0.0173 0.01915 0.00047 
 

119.2 15.6 122.3 3.0 

16 161.2 96.0 1.6788 0.0485 0.0087 0.1221 0.0165 0.01879 0.00080 
 

117.0 15.0 120.0 5.0 

17 354.4 197.2 1.7974 0.0473 0.0041 0.1244 0.0116 0.01869 0.00041 
 

119.1 10.5 119.3 2.6 

18 173.5 185.0 0.9382 0.0482 0.0057 0.1218 0.0134 0.01919 0.00050 
 

116.7 12.1 122.5 3.1 

19 217.8 173.3 1.2568 0.0441 0.0038 0.1140 0.0089 0.01890 0.00039 
 

109.6 8.2 120.7 2.5 

PDDZ-2 

1 302.0 391.7 0.7710 0.0517 0.0033 0.1347 0.0083 0.01901 0.00042 
 

128.3 7.5 121.4 2.6 

2 512.6 411.9 1.2445 0.0513 0.0031 0.1343 0.0078 0.01907 0.00033 
 

128.0 7.0 121.8 2.1 

3 818.7 620.6 1.3193 0.0498 0.0024 0.1333 0.0065 0.01947 0.00033 
 

127.0 5.9 124.3 2.1 

4 510.1 365.2 1.3967 0.0515 0.0033 0.1345 0.0082 0.01923 0.00031 
 

128.1 7.4 122.8 2.0 

5 368.8 481.3 0.7662 0.0493 0.0030 0.1275 0.0074 0.01892 0.00030 
 

121.9 6.6 120.8 1.9 
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6 416.4 356.2 1.1689 0.0510 0.0033 0.1343 0.0078 0.01923 0.00030 
 

127.9 7.0 122.8 1.9 

7 506.1 487.6 1.0378 0.0509 0.0029 0.1348 0.0078 0.01893 0.00032 
 

128.4 7.0 120.9 2.0 

8 635.2 592.1 1.0729 0.0496 0.0028 0.1340 0.0081 0.01920 0.00029 
 

127.6 7.3 122.6 1.8 

9 645.1 539.2 1.1964 0.0500 0.0029 0.1304 0.0074 0.01903 0.00028 
 

124.5 6.7 121.6 1.7 

10 518.6 590.3 0.8785 0.0486 0.0031 0.1264 0.0077 0.01901 0.00040 
 

120.9 7.0 121.4 2.5 

11 691.1 626.4 1.1032 0.0494 0.0023 0.1335 0.0063 0.01965 0.00026 
 

127.3 5.6 125.5 1.7 

12 418.4 380.0 1.1010 0.0477 0.0030 0.1272 0.0077 0.01962 0.00032 
 

121.6 7.0 125.2 2.0 

13 269.0 349.4 0.7701 0.0488 0.0027 0.1277 0.0067 0.01933 0.00070 
 

122.0 6.1 123.4 4.4 

14 261.5 368.1 0.7106 0.0518 0.0032 0.1324 0.0074 0.01892 0.00032 
 

126.3 6.6 120.9 2.0 

15 344.9 313.9 1.0987 0.0485 0.0027 0.1304 0.0077 0.01936 0.00036 
 

124.5 6.9 123.6 2.3 

PDDZ-3 

1 240.7 655.0 0.3676 0.0531 0.0047 0.1351 0.0129 0.01927 0.00058 
 

128.7 11.6 123.0 3.7 

2 225.7 387.5 0.5825 0.0509 0.0037 0.1302 0.0095 0.01900 0.00061 
 

124.2 8.5 121.3 3.8 

3 232.3 578.3 0.4017 0.0501 0.0035 0.1277 0.0085 0.01887 0.00042 
 

122.0 7.6 120.5 2.7 

4 222.9 415.1 0.5369 0.0541 0.0039 0.1374 0.0089 0.01950 0.00060 
 

130.8 8.0 124.5 3.8 

5 208.7 357.3 0.5840 0.0548 0.0048 0.1400 0.0121 0.01894 0.00064 
 

133.0 10.7 121.0 4.0 

6 203.3 797.3 0.2550 0.0514 0.0024 0.1331 0.0060 0.01901 0.00038 
 

126.9 5.3 121.4 2.4 

7 184.3 756.6 0.2436 0.0507 0.0036 0.1322 0.0077 0.01936 0.00045 
 

126.1 6.9 123.6 2.9 

8 178.0 1033.0 0.1723 0.0487 0.0024 0.1277 0.0062 0.01916 0.00041 
 

122.0 5.6 122.3 2.6 

9 220.5 539.1 0.4090 0.0478 0.0028 0.1228 0.0074 0.01881 0.00048 
 

117.6 6.7 120.1 3.0 

10 126.1 533.9 0.2363 0.0529 0.0036 0.1355 0.0090 0.01913 0.00055 
 

129.1 8.0 122.1 3.5 

11 175.5 960.2 0.1827 0.0523 0.0024 0.1368 0.0061 0.01923 0.00044 
 

130.2 5.4 122.8 2.8 

12 903.0 1180.1 0.7652 0.0503 0.0027 0.1327 0.0066 0.01944 0.00038 
 

126.5 5.9 124.1 2.4 

13 267.7 596.3 0.4489 0.0468 0.0032 0.1203 0.0074 0.01913 0.00046 
 

115.3 6.7 122.1 2.9 

14 215.8 578.6 0.3730 0.0514 0.0030 0.1321 0.0077 0.01914 0.00053 
 

126.0 6.9 122.2 3.3 

15 374.5 554.7 0.6752 0.0478 0.0032 0.1227 0.0073 0.01934 0.00056 
 

117.5 6.6 123.5 3.5 

16 299.5 689.5 0.4344 0.0509 0.0031 0.1318 0.0071 0.01924 0.00044 
 

125.7 6.3 122.8 2.8 

17 205.5 340.1 0.6043 0.0507 0.0037 0.1309 0.0094 0.01950 0.00056 
 

124.9 8.4 124.5 3.5 

RSZT-3 

1 251.5 327.3 0.7684 0.0525 0.0033 0.1290 0.0079 0.01852 0.00049 
 

123.2 7.1 118.3 3.1 

2 455.7 464.7 0.9807 0.0574 0.0041 0.1368 0.0074 0.01943 0.00059 
 

130.2 6.6 124.0 3.7 

3 541.5 387.1 1.3988 0.0487 0.0039 0.1225 0.0109 0.01887 0.00063 
 

117.4 9.9 120.5 4.0 

4 628.9 540.0 1.1647 0.0530 0.0032 0.1240 0.0074 0.01812 0.00042 
 

118.7 6.7 115.7 2.7 

5 322.3 260.1 1.2392 0.0564 0.0038 0.1326 0.0086 0.01836 0.00049 
 

126.5 7.7 117.3 3.1 

6 331.1 355.9 0.9302 0.0527 0.0037 0.1324 0.0082 0.01889 0.00041 
 

126.3 7.4 120.7 2.6 

7 551.7 598.7 0.9216 0.0490 0.0027 0.1263 0.0070 0.01890 0.00036 
 

120.8 6.3 120.7 2.3 

RCYT-1 

1 262.6 206.1 1.2739 0.0588 0.0043 0.1356 0.0086 0.01837 0.00054 
 

129.1 7.7 117.4 3.4 

2 211.2 214.4 0.9853 0.0556 0.0036 0.1285 0.0074 0.01755 0.00048 
 

122.8 6.7 112.2 3.1 

3 217.0 222.9 0.9735 0.0576 0.0048 0.1368 0.0107 0.01879 0.00064 
 

130.2 9.5 120.0 4.1 

4 261.3 245.1 1.0660 0.0544 0.0044 0.1278 0.0099 0.01780 0.00059 
 

122.2 8.9 113.7 3.7 

5 206.6 203.1 1.0173 0.0582 0.0046 0.1373 0.0098 0.01833 0.00056 
 

130.6 8.7 117.1 3.6 

6 182.5 215.0 0.8486 0.0560 0.0037 0.1330 0.0083 0.01801 0.00048 
 

126.8 7.4 115.0 3.0 

7 359.0 414.4 0.8661 0.0532 0.0033 0.1236 0.0065 0.01770 0.00038 
 

118.3 5.9 113.1 2.4 
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8 314.5 326.7 0.9627 0.0516 0.0039 0.1310 0.0095 0.01881 0.00051 
 

125.0 8.5 120.1 3.3 

9 225.7 261.8 0.8622 0.0555 0.0047 0.1325 0.0114 0.01762 0.00063 
 

126.3 10.2 112.6 4.0 

10 239.6 282.6 0.8479 0.0624 0.0087 0.1348 0.0096 0.01842 0.00077 
 

128.4 8.6 117.7 4.9 

11 283.8 288.0 0.9853 0.0565 0.0047 0.1367 0.0105 0.01886 0.00065 
 

130.1 9.4 120.4 4.1 

12 993.1 666.6 1.4899 0.0494 0.0023 0.1174 0.0055 0.01770 0.00039 
 

112.7 5.0 113.1 2.4 

13 281.5 298.2 0.9440 0.0497 0.0041 0.1295 0.0118 0.01892 0.00081 
 

123.7 10.6 120.8 5.1 

14 371.5 395.7 0.9390 0.0496 0.0044 0.1138 0.0098 0.01888 0.00072 
 

109.5 9.0 120.6 4.5 

15 368.9 317.6 1.1616 0.0574 0.0042 0.1366 0.0089 0.01889 0.00062   130.0 8.0 120.6 3.9 
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Table 3: Zircon Hf isotopic compositions of intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic belt in the Jiaodong 

Peninsula 

Spot Age(Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) 2σ tDM1(Ma) tDM2(Ma) fLu/Hf 

LKXDJ 

1 128 0.041984 0.000784 0.282298 0.000014 -16.8 -14.0 0.5 1338 2074 -0.98 

2 130 0.079699 0.001503 0.282295 0.000015 -16.9 -14.2 0.5 1369 2084 -0.95 

3 127 0.036770 0.000737 0.282316 0.000015 -16.1 -13.4 0.5 1312 2035 -0.98 

4 126 0.047997 0.000979 0.282308 0.000013 -16.4 -13.7 0.5 1332 2054 -0.97 

5 126 0.067793 0.001234 0.282255 0.000015 -18.3 -15.6 0.5 1415 2173 -0.96 

6 130 0.077502 0.001330 0.282426 0.000019 -12.2 -9.5 0.7 1177 1789 -0.96 

7 131 0.069195 0.001252 0.282420 0.000012 -12.5 -9.7 0.4 1184 1803 -0.96 

8 125 0.053235 0.000963 0.282332 0.000014 -15.6 -12.9 0.5 1298 2002 -0.97 

9 126 0.036204 0.000737 0.282339 0.000013 -15.3 -12.6 0.5 1280 1983 -0.98 

10 126 0.049402 0.000910 0.282333 0.000013 -15.5 -12.8 0.5 1295 1999 -0.97 

11 125 0.051796 0.000896 0.282267 0.000015 -17.9 -15.2 0.5 1386 2145 -0.97 

12 126 0.042914 0.000862 0.282317 0.000011 -16.1 -13.4 0.4 1315 2034 -0.97 

13 127 0.035668 0.000619 0.282337 0.000014 -15.4 -12.6 0.5 1279 1987 -0.98 

LZYD-11 

1 121 0.064670 0.000992 0.282211 0.000014 -19.8 -17.3 0.5 1467 2273 -0.97 

2 121 0.051003 0.000826 0.282181 0.000013 -20.9 -18.3 0.5 1503 2340 -0.98 

3 118 0.110086 0.001715 0.282310 0.000016 -16.3 -13.9 0.6 1356 2058 -0.95 

4 119 0.080562 0.001280 0.282201 0.000015 -20.2 -17.7 0.5 1493 2299 -0.96 

5 120 0.090578 0.001419 0.282281 0.000015 -17.4 -14.8 0.5 1385 2119 -0.96 

6 120 0.051215 0.000820 0.282137 0.000013 -22.4 -19.9 0.5 1563 2437 -0.98 

7 120 0.092017 0.001508 0.282202 0.000017 -20.2 -17.7 0.6 1500 2297 -0.95 

8 118 0.083679 0.001320 0.282332 0.000016 -15.6 -13.1 0.6 1310 2006 -0.96 

9 122 0.084866 0.001347 0.282251 0.000016 -18.4 -15.9 0.6 1426 2186 -0.96 

10 122 0.076577 0.001263 0.282190 0.000016 -20.6 -18.0 0.6 1507 2321 -0.96 

11 122 0.070820 0.001171 0.282213 0.000015 -19.8 -17.2 0.5 1472 2270 -0.96 

12 123 0.091713 0.001430 0.282163 0.000014 -21.5 -19.0 0.5 1553 2381 -0.96 

13 123 0.091489 0.001491 0.282206 0.000014 -20.0 -17.4 0.5 1494 2286 -0.96 

14 120 0.088353 0.001352 0.282229 0.000015 -19.2 -16.7 0.5 1456 2236 -0.96 

15 122 0.072072 0.001123 0.282197 0.000013 -20.3 -17.8 0.5 1492 2305 -0.97 

16 120 0.053069 0.000868 0.282185 0.000018 -20.7 -18.2 0.6 1498 2331 -0.97 

17 119 0.109540 0.001721 0.282349 0.000015 -15.0 -12.5 0.5 1300 1970 -0.95 

18 123 0.059430 0.000968 0.282168 0.000016 -21.3 -18.7 0.6 1526 2367 -0.97 

19 121 0.107149 0.001747 0.282185 0.000017 -20.8 -18.3 0.6 1535 2336 -0.95 

PDDZ-2 

1 121 0.099420 0.001650 0.282236 0.000014 -19.0 -16.4 0.5 1458 2220 -0.95 

2 122 0.081309 0.001304 0.282240 0.000016 -18.8 -16.3 0.6 1439 2211 -0.96 

3 124 0.123623 0.001986 0.282186 0.000014 -20.7 -18.2 0.5 1543 2332 -0.94 

4 123 0.089418 0.001459 0.282213 0.000015 -19.8 -17.2 0.5 1482 2269 -0.96 

5 121 0.121890 0.001933 0.282193 0.000014 -20.5 -18.0 0.5 1531 2318 -0.94 

6 123 0.118110 0.001848 0.282319 0.000014 -16.0 -13.5 0.5 1347 2034 -0.94 
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7 121 0.101861 0.001633 0.282252 0.000014 -18.4 -15.9 0.5 1434 2184 -0.95 

8 123 0.123976 0.001996 0.282256 0.000015 -18.3 -15.7 0.5 1443 2177 -0.94 

9 122 0.142293 0.002031 0.282392 0.000013 -13.5 -11.0 0.5 1250 1875 -0.94 

10 121 0.117875 0.001825 0.282195 0.000016 -20.4 -17.9 0.6 1523 2312 -0.95 

11 125 0.126995 0.001915 0.282218 0.000016 -19.6 -17.0 0.6 1494 2259 -0.94 

12 125 0.109186 0.001673 0.282146 0.000015 -22.1 -19.5 0.5 1586 2418 -0.95 

13 123 0.117775 0.001836 0.282157 0.000017 -21.7 -19.2 0.6 1578 2396 -0.94 

14 121 0.127276 0.001978 0.282277 0.000017 -17.5 -15.0 0.6 1412 2130 -0.94 

15 124 0.148544 0.002181 0.282490 0.000018 -10.0 -7.4 0.6 1112 1653 -0.93 

PDDZ-3 

1 123 0.052176 0.000928 0.282050 0.000011 -25.5 -22.9 0.4 1688 2629 -0.97 

2 121 0.068880 0.001210 0.282047 0.000012 -25.6 -23.1 0.4 1704 2637 -0.96 

3 120 0.063828 0.001092 0.282037 0.000010 -26.0 -23.4 0.3 1714 2661 -0.97 

4 125 0.096494 0.001507 0.282081 0.000010 -24.4 -21.8 0.3 1670 2562 -0.95 

5 121 0.065263 0.001025 0.282038 0.000011 -26.0 -23.4 0.4 1709 2658 -0.97 

6 121 0.065606 0.001032 0.282015 0.000009 -26.8 -24.2 0.3 1742 2710 -0.97 

7 124 0.064489 0.001013 0.281983 0.000011 -27.9 -25.3 0.4 1784 2777 -0.97 

8 122 0.075852 0.001265 0.281867 0.000012 -32.0 -29.4 0.4 1959 3036 -0.96 

9 120 0.063061 0.001017 0.281922 0.000013 -30.1 -27.5 0.4 1870 2916 -0.97 

10 122 0.072175 0.001195 0.281943 0.000011 -29.3 -26.8 0.4 1850 2869 -0.96 

11 123 0.051089 0.000873 0.281987 0.000011 -27.8 -25.1 0.4 1773 2769 -0.97 

12 124 0.101312 0.001529 0.282037 0.000011 -26.0 -23.4 0.4 1734 2660 -0.95 

13 122 0.081814 0.001331 0.281963 0.000011 -28.6 -26.0 0.4 1828 2824 -0.96 

14 122 0.049205 0.000759 0.282068 0.000010 -24.9 -22.3 0.3 1656 2589 -0.98 

15 124 0.058359 0.000936 0.282063 0.000010 -25.1 -22.5 0.3 1671 2602 -0.97 

16 123 0.082666 0.001311 0.282070 0.000009 -24.8 -22.3 0.3 1678 2588 -0.96 

17 124 0.067330 0.001112 0.282058 0.000010 -25.3 -22.6 0.3 1686 2613 -0.97 

RCYT-1 

1 117  0.061939 0.000915 0.282417 0.000011 -12.5 -10.0 0.4 1177 1814 -0.97  

2 112  0.056345 0.000868 0.282313 0.000011 -16.2 -13.8 0.4 1320 2050 -0.97  

3 120  0.060013 0.000967 0.282355 0.000011 -14.7 -12.2 0.4 1265 1952 -0.97  

4 114  0.053239 0.000834 0.282341 0.000010 -15.2 -12.8 0.4 1280 1986 -0.97  

5 117  0.053076 0.000848 0.282398 0.000010 -13.2 -10.7 0.4 1202 1858 -0.97  

6 115  0.043436 0.000686 0.282361 0.000011 -14.5 -12.1 0.4 1248 1940 -0.98  

7 113  0.062543 0.000982 0.282344 0.000012 -15.1 -12.7 0.4 1282 1982 -0.97  

8 120  0.059534 0.000954 0.282321 0.000011 -15.9 -13.4 0.4 1312 2028 -0.97  

9 113  0.056785 0.000904 0.282285 0.000014 -17.2 -14.8 0.5 1362 2114 -0.97  

10 118  0.052728 0.000909 0.282254 0.000013 -18.3 -15.8 0.5 1405 2180 -0.97  

11 120  0.081813 0.001266 0.282400 0.000013 -13.1 -10.6 0.5 1212 1852 -0.96  

12 121  0.065920 0.001018 0.282348 0.000013 -15.0 -12.4 0.5 1277 1968 -0.97  

13 121  0.055400 0.000853 0.282341 0.000011 -15.3 -12.7 0.4 1282 1984 -0.97  

14 121  0.076694 0.001172 0.282424 0.000014 -12.3 -9.8 0.5 1176 1799 -0.96  
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RSZT-3 

1 124 0.088577 0.001477 0.282202 0.000011 -20.2 -17.6 0.4 1499 2293 -0.96 

2 121 0.127532 0.002082 0.282297 0.000017 -16.8 -14.3 0.6 1388 2087 -0.94 

3 116 0.029790 0.000516 0.282246 0.000015 -18.6 -16.1 0.5 1401 2196 -0.98 

4 121 0.132400 0.002125 0.281900 0.000014 -30.8 -28.4 0.5 1957 2968 -0.94 

εHf(t)=10,000{[(176Hf/177Hf)S – (176Lu/177Hf) S × (eλt – 1)]/[(176Hf/177Hf)CHUR,0 – (176Lu/177Hf)CHUR × (eλt
 –1)] –1} 

TDM1=1/λ × ln{1+(176Hf/177Hf)S – (176Hf/177Hf)DM]/[(176Lu/177Hf)S – (176Lu/177Hf)DM]}. 

TDM2=1/λ× ln{1+[(176Hf/177Hf)S,t – (176Hf/177Hf)DM,t]/[(
176Lu/177Hf)C – (176Lu/177Hf)DM]} + t.
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Table 4: Whole-rock major (wt.%) and trace element (ppm) compositions of intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic belt in the Jiaodong Peninsula 

Site Jiaobei terane 

  Sample LKXDJ-1-1 LKXDJ-1-2 LZYD-1-11 LZYD-1-12 PDDZ-2-1 PDDZ-2-2 PDDZ-1-1 PDDZ-1-2 PDDZ-3-1 PDDZ-3-2 PDDZ-3-3 
 

RSYZ-1-1 RSYZ-1-2 

Rock type Quartz diorite Quartz-diorite Quartz-diorite Quartz-diorite Quartz-diorite Quartz-diorite Diorite Diorite Diorite Diorite Diorite 
 

Diorite Diorite 

wt.% 

SiO2 67.50  67.22  66.26  66.45  66.63  67.15  54.00  54.24  56.43  56.29  55.68  
 

51.75  51.69  

TiO2 0.34  0.35  0.37  0.39  0.33  0.33  0.85  0.84  0.78  0.78  0.79  
 

0.96  0.99  

Al2O3 15.18  15.27  16.49  16.21  16.29  15.67  13.92  13.87  14.27  14.25  14.86  
 

13.54  13.20  

TFe2O3 2.69  2.73  2.87  3.16  3.09  2.94  7.04  6.89  6.46  6.43  6.49  
 

7.10  6.94  

FeO 2.02  1.94  1.66  1.96  1.96  1.92  5.42  5.05  4.98  4.51  4.89  
 

5.94  5.18  

Fe2O3 0.74  0.88  1.34  1.34  1.26  1.13  1.80  2.05  1.64  2.13  1.78  
 

1.29  1.96  

MnO 0.05  0.05  0.05  0.05  0.062  0.059  0.123  0.114  0.11  0.11  0.11  
 

0.123  0.122  

MgO 2.28  2.34  1.92  2.04  1.76  1.81  9.71  9.71  6.86  6.97  6.77  
 

10.18  9.92  

CaO 3.25  3.25  3.19  2.93  2.78  2.95  7.81  7.85  6.36  6.34  6.39  
 

7.66  7.91  

Na2O 3.94  3.91  4.20  4.29  3.88  3.68  2.58  2.63  2.87  2.87  2.90  
 

2.50  2.63  

K2O 3.58  3.66  3.18  3.00  4.05  4.20  2.57  2.39  4.14  4.08  4.30  
 

2.53  2.43  

P2O5 0.20  0.20  0.18  0.17  0.19  0.19  0.42  0.38  0.75  0.72  0.75  
 

0.71  0.68  

LOI 0.66  0.69  0.95  0.98  0.59  0.72  0.57  0.65  0.60  0.78  0.58  
 

2.67  3.08  

Total 99.76  99.75  99.79  99.80  99.78  99.82  99.78  99.77  99.80  99.83  99.81  
 

99.85  99.79  

Mg# 60  60  54  53  50  52  71  72  65  66  65  
 

72  72  

ppm 

La 68.4  65.4  34.6  35.6  65.9  65.3  71.1  72.6  54.6  57.1  54.7  
 

49.0  54.0  

Ce 137  129  67  68  131  127  155  160  125  132  132  
 

119  128  

Pr 14.9  14.4  7.80  7.60  13.7  13.3  17.9  17.9  15.2  16.1  16.0  
 

14.5  14.8  

Nd 52.6  51.2  29.2  26.8  45.1  43.2  65.9  65.7  58.7  61.0  61.4  
 

56.2  56.6  

Sm 7.62  7.42  5.10  4.20  5.78  5.49  9.61  9.79  9.77  10.09  9.90  
 

8.99  8.91  

Eu 1.84  1.83  1.26  1.08  1.48  1.42  2.44  2.48  2.63  2.76  2.75  
 

2.47  2.41  

Gd 5.27  5.06  3.91  3.16  4.23  3.95  6.93  7.08  7.45  7.79  7.99  
 

6.88  6.77  
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Tb 0.57  0.56  0.52  0.39  0.48  0.47  0.84  0.85  0.96  1.01  1.03  
 

0.92  0.90  

Dy 2.27  2.20  2.39  1.78  2.19  2.04  3.96  3.96  4.62  4.56  4.81  
 

4.38  4.37  

Ho 0.35  0.35  0.39  0.30  0.39  0.37  0.68  0.72  0.78  0.77  0.81  
 

0.75  0.76  

Er 0.96  0.95  1.06  0.79  1.16  1.10  1.97  1.97  2.15  2.08  2.23  
 

2.06  2.07  

Tm 0.11  0.12  0.13  0.11  0.16  0.16  0.26  0.27  0.29  0.28  0.30  
 

0.27  0.27  

Yb 0.75  0.75  0.85  0.65  1.10  1.06  1.70  1.69  1.78  1.72  1.85  
 

1.66  1.70  

Lu 0.12  0.12  0.13  0.11  0.18  0.17  0.28  0.28  0.29  0.29  0.29  
 

0.25  0.28  

Be 2.05  2.44  3.03  1.67  1.67  1.65  1.26  1.41  1.99  1.96  2.22  
 

1.62  1.40  

Sc 6.55  6.86  10.54  5.80  6.61  5.92  23.58  25.22  18.88  19.25  19.22  
 

20.91  22.98  

V 51.8  48.8  35.9  44.1  48.3  42.1  172.4  166.3  132.3  132.9  136.6  
 

171.7  161.2  

Cr 76.6  75.6  30.4  35.8  26.3  27.9  497.4  505.8  297.0  297.2  283.8  
 

379.4  386.4  

Co 8.91  9.20  12.74  7.33  9.07  7.10  35.60  40.05  27.65  27.97  27.99  
 

35.49  34.02  

Ni 43.5  45.5  11.3  6.0  9.1  8.8  151.3  164.4  112.9  113.6  108.8  
 

145.4  154.2  

Zn 64.1  66.6  113.1  60.8  53.9  35.9  85.1  88.2  84.7  77.3  82.6  
 

87.1  90.3  

Ga 21.9  23.6  43.0  23.1  20.9  19.0  17.7  18.7  17.9  17.4  18.2  
 

17.3  17.8  

Rb 87.9  88.0  75.7  78.2  81.6  90.5  81.0  79.8  121.0  124.3  126.8  
 

65.2  64.4  

Sr 1282  1238  891  840  918  921  1122  1115  1039  1042  1068  
 

1037  961  

Y 10.6  10.5  11.1  8.6  11.9  11.1  19.4  19.9  23.5  23.2  24.3  
 

21.1  21.1  

Zr 171  170  149  140  163  167  172  170  224  221  227  
 

230  224  

Nb 6.58  7.20  14.28  6.78  7.22  7.25  6.41  6.60  12.66  12.60  12.99  
 

15.50  13.83  

Mo 0.26  0.24  1.22  0.68  0.19  0.28  0.26  0.45  0.38  0.49  0.35  
 

0.17  0.15  

Ba 1993  1914  1733  1561  2816  2758  2173  2108  2446  2387  2470  
 

2401  2269  

Hf 6.44  6.45  5.02  4.63  4.87  5.06  4.60  4.57  5.69  5.65  5.60  
 

5.96  5.39  

Ta 0.37  0.39  1.03  0.45  0.51  0.50  0.36  0.37  0.73  0.76  0.74  
 

0.72  0.73  

Pb 31.3  33.6  24.9  12.8  24.2  22.2  8.67  8.56  13.55  13.5  16.1  
 

39.3  21.3  

Th 12.6  13.5  12.9  7.1  17.1  16.3  11.86  12.51  10.00  9.72  9.98  
 

6.72  7.55  

U 2.33  2.33  1.98  0.92  2.76  2.61  1.89  2.02  4.38  2.02  3.69  
 

1.00  1.00  

Sr/Y 120.7  118.0  80.5  97.7  77.5  83.2  57.8  55.9  44.2  44.9  44.0    49.1  45.4  
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Continued               
site Sulu orogenic belt 

Sample  RSYZ-1-4  RSZT-1-1  RSZT-1-2  RSZT-1-3  RSZT-2-1  RSZT-2-2 RSZT-2-5 RSZT-3-2 RSZT-3-3 RSZT-3-4 RCYT-1-1 
 

RCYT-1-2 RCYT-1-3 

Rock type Diorite Diorite Diorite Diorite Diorite Diorite Diorite Diorite Diorite Diorite Diorite 
 

Diorite Diorite 

wt.% 

SiO2 51.76  57.31  57.94  57.54  57.16  57.28  57.10  55.40  55.45  55.23  57.85  
 

58.15  58.37  

TiO2 0.99  0.85  0.86  0.82  0.84  0.83  0.85  0.88  0.89  0.88  0.79  
 

0.78  0.79  

Al2O3 13.46  16.13  15.99  16.39  15.05  15.09  14.78  14.90  14.93  14.68  14.27  
 

14.35  14.22  

TFe2O3 7.22  4.50  4.49  4.29  6.12  6.10  6.18  6.47  6.36  6.58  6.62  
 

6.45  6.66  

FeO 5.64  3.35  3.27  3.18  3.80  4.11  3.90  4.14  4.01  4.06  4.13  
 

4.19  4.07  

Fe2O3 1.75  1.28  1.35  1.23  2.58  2.21  2.53  2.59  2.61  2.80  2.77  
 

2.51  2.87  

MnO 0.122  0.09  0.09  0.09  0.13  0.12  0.12  0.11  0.12  0.11  0.16  
 

0.15  0.14  

MgO 9.67  5.49  5.40  4.91  6.29  6.13  6.47  6.96  7.00  7.12  6.00  
 

5.64  5.67  

CaO 7.80  6.57  6.46  6.44  6.34  6.26  6.39  6.90  6.90  6.94  6.66  
 

6.54  6.61  

Na2O 2.58  3.99  3.96  4.28  3.58  3.63  3.49  3.73  3.71  3.57  3.14  
 

3.15  3.20  

K2O 2.54  2.88  2.90  2.93  2.82  2.78  2.79  2.62  2.54  2.82  2.74  
 

2.84  2.75  

P2O5 0.68  0.58  0.60  0.58  0.57  0.56  0.57  0.69  0.70  0.71  0.35  
 

0.33  0.33  

LOI 2.75  1.32  1.01  1.36  0.67  0.86  0.85  0.88  0.94  0.91  0.94  
 

1.13  0.77  

TOTAL 99.76  99.83  99.83  99.76  99.80  99.84  99.84  99.81  99.80  99.83  99.79  
 

99.76  99.80  

Mg# 70  69  68  67  65  64  65  66  66  66  62  
 

61  60  

ppm 

La 53.3  45.9  41.8  42.9  52.8  53.6  55.1  61.3  53.5  51.7  42.0  
 

42.5  39.3  

Ce 130.8  96.6  90.3  92.1  113.2  119.6  120.1  129.1  116.7  112.7  88.0  
 

93.9  85.3  

Pr 15.6  11.4  10.9  11.0  13.3  13.9  14.3  14.8  13.4  13.3  10.3  
 

10.9  10.0  

Nd 59.5  42.2  41.1  41.3  49.6  52.7  53.6  54.2  49.3  49.7  38.5  
 

41.1  37.6  

Sm 9.56  6.41  6.35  6.31  8.02  8.22  8.59  8.27  7.80  7.93  6.57  
 

6.87  6.53  

Eu 2.65  2.06  1.97  2.02  2.27  2.32  2.39  2.36  2.21  2.25  1.88  
 

1.90  1.78  

Gd 7.35  4.89  4.75  4.88  6.23  6.39  6.56  6.69  6.31  6.29  5.35  
 

5.62  5.12  
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Tb 0.98  0.59  0.59  0.60  0.79  0.82  0.85  0.87  0.82  0.85  0.72  
 

0.75  0.71  

Dy 4.66  2.66  2.68  2.64  3.82  3.81  4.02  4.26  4.09  4.07  3.58  
 

3.79  3.63  

Ho 0.81  0.43  0.42  0.42  0.67  0.67  0.70  0.75  0.72  0.72  0.65  
 

0.69  0.65  

Er 2.18  1.14  1.14  1.10  1.82  1.94  1.92  2.12  2.01  2.04  1.88  
 

1.98  1.85  

Tm 0.29  0.13  0.15  0.14  0.26  0.26  0.27  0.30  0.29  0.29  0.27  
 

0.28  0.27  

Yb 1.74  0.83  0.82  0.80  1.66  1.74  1.77  1.88  1.81  1.78  1.81  
 

1.87  1.80  

Lu 0.28  0.12  0.11  0.10  0.28  0.29  0.29  0.30  0.29  0.29  0.30  
 

0.31  0.30  

Be 1.56  1.32  1.22  1.26  1.76  1.55  1.61  1.71  1.78  1.56  1.38  
 

1.53  1.47  

Sc 22.1  12.6  12.2  12.3  17.7  17.3  18.1  17.8  18.2  17.7  20.2  
 

21.2  20.9  

V 163  113  114  108  139  133  135  137  135  136  160  
 

155  165  

Cr 372  154  151  146  220  214  221  257  251  261  157  
 

150  155  

Co 38.3  15.7  14.5  14.8  26.2  26.1  25.8  26.6  23.2  34.2  21.7  
 

22.0  22.3  

Ni 152.2  93.3  87.4  88.8  109.0  108.9  107.9  144.0  147.9  137.0  30.4  
 

30.5  31.7  

Zn 89.9  71.5  62.3  70.1  98.9  99.1  101.4  94.3  99.9  94.1  85.8  
 

85.3  86.2  

Ga 18.0  21.6  20.8  21.2  19.6  19.3  19.5  19.3  19.8  19.1  19.4  
 

19.9  19.4  

Rb 64.8  89.7  83.5  89.8  71.0  68.9  67.7  69.1  70.1  64.9  79.7  
 

81.6  70.5  

Sr 983  1154  1206  1173  1015  994  996  1142  1163  1112  821  
 

781  706  

Y 22.4  12.2  12.5  11.7  19.3  19.6  20.4  21.9  21.6  21.3  19.0  
 

19.6  19.0  

Zr 212  192  194  193  204  198  200  209  216  205  172  
 

165  148  

Nb 15.3  11.1  10.5  10.7  12.1  11.7  11.7  16.6  17.5  16.4  8.3  
 

8.7  8.3  

Mo 0.14  0.15  0.13  0.16  0.18  0.15  0.11  0.14  0.15  0.17  0.92  
 

1.00  0.86  

Ba 2291  1847  2064  1844  1905  1906  1868  2065  1927  2015  1090  
 

1115  1055  

Hf 5.50  5.31  5.24  5.32  4.32  4.59  4.20  4.86  5.24  5.15  4.46  
 

4.79  4.19  

Ta 0.75  0.56  0.54  0.58  0.68  0.65  0.66  0.86  0.91  0.84  0.60  
 

0.65  0.63  

Pb 46.4  13.7  14.9  16.7  13.3  14.7  14.2  17.3  17.9  17.2  10.5  
 

10.1  10.4  

Th 6.80  5.00  4.73  4.72  8.47  8.04  8.09  9.04  9.15  8.42  12.16  
 

13.23  12.86  

U 1.05  0.79  0.79  0.78  1.38  1.35  1.38  1.58  1.65  1.45  4.27  
 

5.27  4.68  

Sr/Y 43.8 94.5 96.8 100.0 52.5 50.8 48.9 52.1 53.9 52.2 43.1 

 

39.8 37.1 

Mg# = 100* molar Mg/(Mg +∑Fe).  
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Table 5: Sr, Nd and Pb isotopic compositions of intermediate-felsic dikes from the Jiaobei terrane and the Sulu orogenic belt in the Jiaodong 

Peninsula 

Sa
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b 

(p

p

m

) 

Sr 

(p

p

m

) 

87R

b/86

Sr 
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Sr 

2

δ 

(87S
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Sr)i 

S

m 

(p

p

m

) 

N

d 

(p

p

m

) 
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Nd 

2

δ 

ε

N

d(

t) 

T 
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b/204

Pb 
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Pb 
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Pb 

(206P

b/204

Pb)i 

(207P

b/204

Pb)i 

(208P

b/204

Pb)i 

LK

XDJ

-1-1 

87

.9  

12

82  

0.1

979  

0.7

106

56  

7 

0.71

031

85  

7.

62  

52

.6  

0.08

77  

0.51

179

7  

6

  

-1

4.

7  

2

1

1

3  

17.3

032 

15.5

086 

38.1

084 

17.20

42 

15.50

38 

37.93

79 

LK

XDJ

-1-2 

88

.0  

12

38  

0.2

052  

0.7

107

17  

9 

0.71

036

73  

7.

42  

51

.2  

0.08

76  

0.51

178

4  

6

  

-1

5.

0  

2

1

3

3  

17.3

093 

15.5

111 

38.1

202 

17.21

67 

15.50

66 

37.94

94 

LZY

D-1-

11 

75

.7  

89

1  

0.2

453  

0.7

106

75  

7 

0.71

025

63  

5.

10  

29

.2  

0.10

55  

0.51

155

0  

5

  

-1

9.

8  

2

5

2

2  

17.1

936 

15.4

829 

37.8

892 

17.08

73 

15.47

78 

37.66

87 

LZY

D-1-

12 

78

.2  

84

0  

0.2

687  

0.7

106

98  

6 

0.71

023

98  

4.

20  

26

.8  

0.09

48  

0.51

152

8  

5

  

-2

0.

1  

2

5

4

5  

17.2

003 

15.4

830 

37.9

270 

17.10

48 

15.47

83 

37.69

13 

PDD

Z-2-

1 

81

.6  

91

8  

0.2

566  

0.7

102

19  

7 

0.70

978

13  

5.

78  
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.1  

0.07

76  

0.51
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6  

6

  

-1

8.

1  

2

3

8

8  

17.0
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15.4

584 

37.6
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Highlights 

1. Early Cretaceous felsic dikes characterized by adakite-like features indicate the existence 

of a thickened ancient lower crust at Jiaodong. 

2. Early Cretaceous intermediate dikes with the HMAs characteristics provide new evidence 

for the SCLM beneath Jiaodong Peninsula which has been metasomatized by the 

subducting Paleo-Pacific plate with marine sediments.  

3. We clarified that the Early Cretaceous magmatism within the Jiaodong Peninsula 

represents a magmatic response to lithospheric thinning caused prolonged 

thermo-mechanical-chemical erosion induced by rollback of Paleo-Pacific plate. 

4. This newly study focus on the petrogenesis of Early Cretaceous intermediate-felsic dikes in 

the Jiaodong Peninsula. 
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